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Abstract 
 
 Over the last three decades, organic semiconductors, both polymeric and 
small-molecule compounds, have raised significant interest in academia and industry 
in view of the attractive combination of their versatile optoelectronic properties, 
lightness, flexibility and potential for low-cost and straight-forward manufacturing 
that makes them a valid alternative to conventional inorganic semiconductors. 
Thereby, 6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene and other pentacene and 
anthradithiophene derivatives are interesting candidate materials for electronic 
applications such as organic field-effect transistors (OFETs) as they feature highly 
promising device performance and offer the possibility of processing them from 
solution, originating from their good solubility in common solvents. However, the 
small-molecule nature of these compounds often renders the control of the solid-state 
morphology of architectures deposited from solution challenging, thus, resulting in 
low reproducibility of their transistor characteristics. 
This thesis explores possible pathways to control the thin-film microstructure 
of such small molecules. By doing so, we aim to provide model systems that permit 
the elucidation of relevant electronic processes in these materials and to provide 
architectures for future technological exploitation. A thorough analysis is presented 
including the influence of the selection of solvent, casting temperature, coating 
techniques and the presence of small-molecular additives on the morphology of such 
semiconducting small-molecule thin films. Various strategies for chemical 
modification of TIPS pentacene are also discussed with focus of the effect of side-
chain substitution on the electronic properties of the resulting architectures. 
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Furthermore, investigations into the supramolecular arrangements that can be realised 
with some of those low-molecular-weight materials are presented and how this affects 
their optoelectronic features. 
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Scope and survey of thesis  
 
This thesis addresses the processing of 6,13-bis(triisopropylsilylethynyl) 
(TIPS) pentacene and its derivatives into controlled solid-state microstructure in order 
to obtain a deeper understanding of these materials, especially from an electronic 
point of view. Chapter 1 presents an introduction of organic field-effect transistors in 
terms of device physics, commonly used materials and processing methods. Chapter 2 
summarises the materials and experimental methods used within this thesis. Chapter 3 
then introduces a processing method that permits fabrication of 5,11-
bis(triethylsilylethynyl)anthradithiophene (TES ADT) transistors at high yield. 
Chapter 4 discusses the origin of the low device reproducibility of TES ADT through 
elucidation of the phase behaviour of this material. Chapter 5 introduces a TIPS 
pentacene derivative that displays significantly improved device performance 
compared to TIPS pentacene and features high molecular anisotropy when adequately 
processed. Chapter 6 studies the processing and electronic performance of two novel 
hexacene compounds. Chapter 7 explores use of small-molecular additives both for 
use as nucleation agents and aids for compound formation with the goal to provide 
new tools to control the morphology of TIPS pentacene thin films. 
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Chapter 1 
Introduction 
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 Electronic devices are some of the most influential inventions of the 20
th
 
century. Indeed, the life styles of the majority of human beings nowadays are 
dominated by electronic devices such as computers, active-matrix displays and mobile 
phones. Furthermore, the use of electronic devices is one of the most important 
driving forces for the explosive development of the science and technology in the last 
fifty years, creating new research areas such as computer science and information 
technologies. Field-effect transistors (FETs) are the building blocks for many of those 
technologies. It is indeed a type of basic electronic logic device. FETs consist of a 
channel with their conductivity to be controlled by the application of a bias to a third 
electrode. It is one of the most commonly used electronic components in the 
semiconductor industry. In fact, it is one of the main electronic components of all 
micro-chip processors, solid-state memories, active-matrix displays and many other 
electronic devices, as alluded to above.
1
 
1.1 Semiconducting materials  
1.1.1 Inorganic semiconductors 
 Inorganic materials such as silicon are conventionally widely used in transistor 
applications in light of their high electron mobility that can reach 10
3
 cm
2
/Vs at room 
temperature.
12
 Most high performance FET devices produced nowadays are made 
from silicon wafers cut from cylindrical, single crystalline ingots pulled from molten 
silicon.
3
 A dielectric can then be formed by an oxide layer on the silicon while a metal 
electrode is used as gate electrode. Consequently, these devices are often called metal- 
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Figure 1.1. a) Photograph of a metal-oxide-semiconductor field-effect transistor (MOSFET). b) 
Photograph of a modern central processing unit (CPU) with large number of integrated transistors. 
 
oxide-semiconductor field-effect transistors (MOSFET). However, the manufacture 
costs of these high performance single crystal devices are very high due to the rather 
complicated processes and the high temperature that are required to produce single, 
but also polycrystalline silicon (>1400 C).  
 Hydrogenated amorphous silicon (a-Si:H) transistors are another widely used 
silicon-based FET technology.
4
 These devices are often produced by plasma-
enhanced chemical-vapour deposition (PECVD) on glass substrates which 
significantly reduces the processing temperature and cost compared to single crystal 
devices. The semiconducting performance of these devices are however inferior to 
single crystal silicon technologies. Indeed, the charge-carrier mobility of a-Si:H 
transistors decreases to 0.1 – 1 cm2/Vs compared to over 1000 cm2/Vs for single 
crystal silicon and 30 cm
2
/Vs for polycrystalline silicon. The main area of application 
of such devices is in the production of active-matrix displays.  
a) b)
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1.1.2 Organic semiconductors 
Organic semiconductors have gained a growing interest among both academic 
and industrial researchers since 1977 when Shirakawa, MacDiarmid and Heeger
 
discovered that polymeric materials can possess semiconducting properties.
5,6
 Indeed, 
nowadays polymeric and small-molecule semiconducting materials are widely 
investigated as potential replacements for conventional inorganic semiconductors in a 
variety of electronic devices. For example, organic materials are investigated as active 
components in organic field-effect transistors (OFETs), organic photovoltaic devices 
(OPVs) and organic light-emitting diodes (OLEDs) with the goal to gain the 
capability to realise light-weight, low-cost and/or flexible products.
7,8
 This thesis will 
focus on OFETs. 
1.1.2.1 Small-molecule organic semiconductors  
Observation of semiconducting properties in organic materials was already 
extensively discussed by Eley et al. in 1952 based on organic small molecules.
9
 In 
contrast to polymeric semiconductors, their small-molecular counterparts such as 
pentacene and rubrene (see Fig. 1.2 a, b) generally display better semiconducting 
properties. Among these, pentacene is nowadays considered to be a model 
material.
10
 However, many small molecules feature limited solubility in common 
organic solvents, therefore vacuum deposition procedures are necessary for the 
fabrication of thin-film architectures. Consequently, not a significant advantage in 
processing is gained compared to typical a-Si:H devices.  
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Figure 1.2. Chemical structures of small-molecule semiconductors. a) Pentacene; b) 5,6,11,12-
tetraphenylnaphthacene (rubrene); c) perylene; d) 5,11-bis(triethylsilylethynyl)anthradithiophene (TES 
ADT); e) 6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene; f) copper phthalocyanine (CuPc). 
 
More recently, 6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene, Fig. 1.2e), 
firstly synthesised by J. Anthony et al.,
11
 has emerged as an interesting candidate 
material for OFET applications as it combines promising device performance (μFET > 
0.4 cm
2
/Vs)
12
 with a good solubility in a large selection of industrial preferred 
solvents. Therefore, a board range of thin-film deposition techniques can be adopted 
for the manufacture of OFET devices using TIPS pentacene as active material. Note 
also that the bulky triisopropylsilylethynyl substituents enhance the face-to-face 
packing of the TIPS pentacene backbone resulting in a 2D "brick-wall" structure 
which provides this pentacene derivative with excellent charge-transport properties 
and a low mobility anisotropy.
12,13,14,15,16 
 
Si
Si
Si
Si
S
S
N
N
N
N
N
N
N NCu
a) b) c)
d) e) f)
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Figure 1.3. a) Chemical structure of 2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene 
(FADT). b,c) Schematic of possible halogen bonding between the fluorine and sulphur atoms in FADT 
molecules. (Reproduced from Ref. 17) 
 
 The reproducibility of the high electronic performance of TIPS pentacene in 
devices is however low. The reason is that its microstructure is strongly dependent on 
the processing conditions selected. Therefore, several new materials were synthesised 
following similar molecular design concepts. Among them, two anthradithiophene 
derivatives, 5,11-bis(triethylsilylethynyl)anthradithiophene (TES ADT; Fig 1.2d)
14
 
and 2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene (FADT; Fig 1.3a)
17
, 
are particularly worth mentioning as they often display a higher devices performance 
compared to TIPS pentacene. However, also for TES ADT, reproducibility of its thin 
film structure as well as electronic performance can be as challenging as for TIPS 
pentacene. FADT, in another hand, is less sensitive. In fact, its structure, based on 
TES ADT but including difluoro-moieties in the fused-aromatic backbone, was 
tailored for controlling the thin-film growth from solution by utilising halogen-
bonding (see Fig. 1.3) between the fluorine atoms (F····F) as well as between the 
fluorines and sulphur in the anthradithiophene fused ring (F····S). In order to obtain 
Si
Si
S
S
F F
S
F
S
F
S
F
S
F
a) b)
c)
P a g e  | 7 
 
 
 
good device performance, however, the material has generally to be blended with a 
polymer matrix such as the semiconducting poly(triarylamines) (PTAAs).
18,19,20
 In 
addition, it is important to note that the synthetic route of FADT is significantly more 
intricate compared to the non-fluorinated TES ADT. 
 In the frame of this thesis, another soluble small-molecular semiconducting 
material, -tetraethyl(triisopropylsilylethynyl)pentacene (BTE-TIPS-PEN), will 
also be discussed. This molecule is newly synthesised with the aspiration to improve 
electronic performance as well as processability with respect to TIPS pentacene 
through backbone substitution. Furthermore, investigations on the processing and 
characterisation of lower-band-gap materials such as hexacene derivatives will be 
presented. 
1.1.2.2 Polymeric organic semiconductors  
The majority of organic semiconducting materials can be classified as 
polymers or small molecules. However, a large number of the polymeric 
semiconductors do not contain sufficient repeat units to be considered as real “plastics” 
in conventional polymer science terms. In this thesis, we consider molecules 
comprised of more than ten repeat units as polymers and molecules comprised of one 
repeat unit as small molecules.  
One of the first observation that polymeric materials, comprising conjugated 
repeat units (examples are shown in Fig. 1.4) could exhibit semiconducting properties 
was made by Heeger
5
 and Shirakawa
21
 on polyacetylene (Fig. 1.4a) in the 1970s. 
Polythiophene and its derivatives (Fig. 1.4 b, c) have more recently attracted attention 
and have been since widely studied as a model system for polymeric semiconductors.
22,23
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Figure 1.4. Chemical structures of a selection of polymeric semiconductors. a) Polyacetylene; b) poly 
(3-hexylthiophene) (P3HT); c) polythiophene; d) poly(triarylamine) (PTAA); e) poly(p-phenylene 
vinylene) (PPV); f) polyaniline (PANI) 
 
Thin-films structures produced from semiconducting polymers are typically 
amorphous or semicrystalline and, thus, often display limited charge-carriers 
mobilities (FET  10
-5
 – 0.1 cm2/Vs)22,24,25 due to their low molecular order 
(packing). The advantage they often offer is their solution processability. 
1.1.2.3 Charge-transport mechanism in organic semiconductors 
 The semiconducting properties of conjugated organic materials result from the 
sp
2
-hybridisation of the constituting carbon atoms (in the backbone) they are made of. 
The four valence electrons of a carbon atom are located in 2s, 2px, 2py and 2pz orbitals. 
In sp
2
-hybridised carbon atoms, three of these orbitals, 2s, 2px, 2py undergo 
hybridisation producing three identical hybrid orbitals which lie in the same plane 
each containing an electron, whilst the fourth electron resides in the so called pz  
n
n
S
n
n
H
N
n
S
C6H13
N
n
a) b) c)
d) e)
f)
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Figure 1.5. a) Chemical structure and b) electron obitals of polyactylene, c) sp
2
-hybridisation of 
neighbouring carbon atoms. d) The energy scheme of ethylene C2H4. (Reproduced from Ref. 7) 
 
orbital orthogonal to the plane of the hybrid orbitals (see Fig. 1.5). The bond between 
two sp
2
-hybridised carbon atoms is given by a σ-type bond, resulting on the overlap 
of the hybridised orbitals. In addition to the σ-type bond, a π-type bond can be formed 
between two sp
2
-hybridised carbon atoms from the side-to-side interaction of the pz 
orbitals of the two atoms. In conjugated materials, there are multiple consecutive 
carbon atoms with sp
2
-hybridisition (Fig. 1.5a). As a consequence, the electrons 
residing in the pz orbital will be delocalised onto a so called π-molecular orbital where 
it can migrate from one atom to the other.
7
 
However, on the scale of real applications, e.g. in transistors devices, the 
distance charges have to travel are several orders of magnitude higher than the actual 
molecule size (measured by unit of m and nm, respectively). Therefore, charge 
transport between molecules play a more essential role; i.e. charge delocalisation 
between the neighbouring molecules is important. The probability for charges to hop 
from one molecular orbital to the other is highly dependent on the overlap of the π-
Carbon atom  – orbital – orbital 
S0
LUMO
S0
HOMO
S+ LUMO
S+
HOMO
S- LUMO
S-
HOMO
a)
b)
c) d)
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orbitals of each molecule. For this reason, molecularly ordered structures normally 
result in higher degree of π-π overlap and thus better charge transport.26,27,28 
1.2 Organic field-effect transistors  
 Field-effect transistors employing semiconducting organic materials as active 
layers are called organic field-effect transistors (OFETs).
7,8
 Thanks to the straight-
forward manufacturing of the organic semiconductors, especially when solution 
processed, OFETs are particularly interesting for replacing a-Si:H devices whose 
manufacturing is more complex due the relatively high temperatures required for the 
deposition of inorganic semiconductors, low production rates and the limited 
dimensions of the devices that can be obtained.
8
 Indeed, the manufacture throughput 
and costs can be largely improved by solution processing and further advanced when 
using roll-to-roll processes. Moreover, solution processing, usually carried out in mild 
conditions (e.g. room temperature), offers the possibility to replace usual glass 
substrates with more versatile materials like plastics which offers the advantage of 
significantly reducing the weight of devices and improving the mechanical properties 
of the resulting structures (i.e. realise flexible devices). 
1.2.1 Working mechanisms of organic field-effect transistors 
 The charge-carrier mobility (holes and/or electrons) is one of the key 
parameters of a semiconducting material and can be deduced, e.g. from OFET 
characteristics. It describes the ability of a material to transport charge carriers under a 
given voltage and is defined by the following equation:  
P a g e  | 11 
 
 
 
EVd          Equation 1.1 
where Vd is the drift velocity of the charge,  is the charge-carrier mobility and E is 
the given electric field. 
 As the elementary charge is a constant and for a given material the mobility is 
constant, electric conductivity is proportional to the number of charge carriers as 
given by Equation 1.2:  
  ne         Equation 1.2 
where  the electric conductivity, n is the number of charge carriers and e is the 
elementary charge.
1
 
 OFETs are a type of logic component that modify the electrical conductivity in 
a semiconducting channel between two electrodes (source and drain) using an electric 
field created by a third electrode (gate). Indeed, in typical OFETs, a thin film of an 
insulating material (gate dielectric) separates a conducting layer (gate electrode) and a 
thin semiconducting layer (active layer). When a voltage is applied at the gate 
electrode, the potential difference between the gate electrode and the semiconducting 
layer leads to an accumulating layer of charges of opposite sign at the gate 
dielectric/semiconductor interface and the gate dielectric/gate interface. The charges 
in the active layer can then be driven through a channel between two electrodes, 
source and drain, under the application of an electric bias. Modification of the charge-
carrier density in the semiconducting layer by tuning the gate voltage will lead to a 
conductivity change in the source/drain channel, as shown in Equation 1.2. A very 
low charge-carrier density is originally located on the semiconductor/insulator 
interface, however, when through the field effect a large amount of charge is  
12 | P a g e  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6. Schematic of four basic OFETs configurations: a) top gate/top contact; b) top gate/ bottom 
contact; c) bottom gate/top contact; d) bottom gate/bottom contact. 
 
introduced, the current through the channel can be adjusted over several orders of 
magnitude. This ratio of the current through the channel is quantified by the so called 
“on/off” ratio.7 
 Four basic OFET configurations – top gate/top contact, top gate/bottom 
contact, bottom gate/top contact and bottom gate/bottom contact – are shown in Fig. 
1.6. Bottom gate/bottom contact devices using pre-patterned substrates have an 
advantage in the fabrication of OFETs where organic semiconductors are used as the 
active layer. Firstly, there are no further processing steps required, e.g. to produce the 
gate dielectric or metal contacts, after the deposition of the organic semiconductor 
thin-film architecture which is likely to be fragile or unstable at high temperatures or 
substrate
semiconductor
dielectric
gate
source/drain
substrate
semiconductor
dielectric
gate
source/drain
substrate
semiconductor
dielectric
gate
source/drain
dielectric
substrate
semiconductor
gate
source/drain
a)
b)
c)
d)
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in the presence of organic solvents. More importantly, it is much simpler to design 
and fabricate integrated circuits in this configuration. However, this device 
architecture was sometimes found to have limited device performance compared to 
other configurations. This will be further discussed in this chapter. In this thesis, 
bottom gate/bottom contact devices were used for most of the work.  
1.2.2 Transfer vs. output characteristics 
 The switching behaviour of a transistor is monitored by its transfer and output 
characteristics.
7,4,29,30
 Illustrative examples are shown in Fig. 1.7. The transfer 
characteristic describes the current (ID) modulation between source and drain 
electrodes under variable gate voltage (VG). From the transfer plot, the on-state (high 
current) and an off-state (low current) are obtained. The output characteristics, on the 
other hand, describe the modulation of ID while only the source-drain voltage (VD) is 
varied. The combination of the two characteristics allows deducing information on the 
device including charge trapping, quality of the semiconductor/dielectric interface, 
parasitic contact resistance, etc. 
 In the output characteristics, assuming constant conductivity in the channel, 
one would expect a linear increase of ID against VD. However, according to Equation 
1.2, ID is depending on the number of charge carriers (n) in the channel. We know that 
the charge carrier is generated by the potential difference between the gate and the 
given position in the channel. Moreover, the potential in the channel is varied during 
the tuning of VD. Therefore, the number of charge carriers at a given position in the  
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Figure 1.7. Typical OFET characteristics of a bottom-gate/bottom-contact device with poly(2-
methoxy-5-(3'-7'-dimethyloctyloxy)-1,4-phenylenevinylene) (MDMO-PPV) as active material: a) 
transfer characteristics; b) output characteristics (the dashed line separates the linear and saturation 
regimes). 
 
channel can be given by Equation 1.3 (assuming the threshold voltage is 0 V): 
 
e
V
L
x
VC
xn
DGi 






       Equation 1. 3 
where Ci is the gate capacitance, L is the channel length and x is the displacement of 
the given position of the charge and source electrode.  
 Consequently, the relationship between the ID and VD is nonlinear, since 
increasing the VD reduces the charge-carrier density n(x). The ID at location x (I(x)), 
thereby, can be found from: 
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VWCxnxeWExI DGi
)(
)()()()(    Equation 1. 4 
where W is the channel width and E(x) is the electric field at location x.  
 Applying the boundary condition of I(x) being constant along the whole 
channel, we can find the drain current from: 
)
2
1
(
2
DDG
i
D VVV
L
WC
I 

      Equation 1. 5 
 If VD
2
 is small, then the transistor is operated in the so-called “linear regime” 
(area highlighted in red in Fig. 1.7b). In this regime, a device mobility (the linearly 
mobility) can be deduced from the transfer characteristics with: 
G
D
Di
lin
V
I
VWC
L


        Equation 1. 6 
 If the VD is larger than VG, a regime can be reached where increasing the bias 
voltage does not significantly increase the current. This is the so-called “saturation 
regime”, where a device mobility (saturation mobility) can be calculated from: 
 
2
2
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L
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       Equation 1. 7 
1.2.2.1 Charge injection 
 Devices often display a nonlinearity of the drain current in the output 
characteristics especially at lower drain voltage (linear regime, Fig. 1.8a). This 
supralinear dependence of ID from VD is often due to parasitic “contact resistance” 
effects.
7,31
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Figure 1.8. a) Typical OFET output characteristics of a device with TIPS pentacene as active material 
showing contact resistance effects resulting in a superlinear dependence of ID with VD. b) Schematic of 
an OFET output characteristics of a device featuring a significantly higher ohmic contact resistance 
than channel resistance. (Reproduced from Ref. 29) 
 
 Contact resistance effects can result from imperfections at the interface 
between the semiconductor and the source/drain electrodes that behave as ohmic 
resistors. This can, for instance, be deduced from scanning Kelvin probe microscopy 
(SKPM) measurements on bottom gate/bottom contact devices, where potential drops 
are recorded near both contacts in bottom gate/bottom contact OFET devices.
32,33
 
Note that the “contact resistance” (Rc) is in series with the channel resistance (Rch), 
and thus is less dominate in devices of high channel resistance which increases with 
the channel length. However, the ohmic contact resistance will not necessarily cause 
the supralinearty observed in the output characteristics alone. Indeed, at Rc >> Rch, the 
output characteristics will be linear (see Fig. 1.8b), even when the contacts are poor.
30
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Figure 1.9. Profiles of the electrostatic potential across the channels of operating transistors. a) Poly(3-
hexylthiophene) (P3HT) transistor with Cr–Au source/drain electrodes. The profile taken at 300 K is 
offset by -2 V for clarity. (b) Profiles of a P3HT transistor with Cr electrodes taken at three different 
temperatures. The inset of (b) shows a profile obtained after switching the source and drain on the same 
device. (c) Poly-(dioctyl-fluorene-co-bithiophene) (F8T2) transistor with Au source/drain electrodes. 
The profile taken at 300 K is offset by -2 V. (Reproduced from Ref. 33) 
 
 Contact resistance phenomena can also originate from Schottky barriers due to 
unmatched work functions of the electrodes and the semiconductor (i.e. Fermi energy 
of the metal electrodes and, respectively, the highest occupied molecular orbital or 
HOMO for p-type semiconductors, or the lowest unoccupied molecular orbital or 
LOMO for n-type materials).
33
 Schottky barriers are considered to be the main 
mechanism of contact resistance when the mismatch between work functions and the  
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Figure 1.10. Schematic illustration of charge injection limitations resulting from a Schottky barrier 
between the metal contact and the semiconductor. 
 
HOMO or LUMO of semiconductor is larger than 3 eV (see Fig. 1.10). Two 
mechanisms are described that allow for the injection through a Schottky barrier, 
namely Fowler-Nordheim Tunnelling (FNT) and Thermionic Emission (TE).
7
 The 
injection current (J) of both FNT and TE are considerably affected by the electric 
field applied within the channel (E): 
E
FNT eJ         Equation 1.8 
E
TE eJ         Equation 1.9 
Therefore, at high E, the parasitic injection limitations become less dominant in 
reducing the injection current. Consequently, supralinear behaviour is observed in the 
output characteristics at low VD. Since the channel length of OFETs (Lch  10 m) is 
normally significantly longer than the thickness of diode devices such as OPV devices 
E
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 Figure 1.11. Commonly used molecules to adjust the work function of the metal contacts and to 
reduce traps on the dielectric surfaces. To this end self-assembled mono-layers (SAMs) need to be 
formed on the surface of the electrodes and dielectric surfaces. a) 1H,1H,2H,2H-perfluorodecanethiol 
(PFDT); b) hexamethyldisilazane (HMDS); c) pentafluorobenzenethiol (PFBT); d) 
trichlorophenylsilane (TCPS); e) octadecyltrichlorosilane (OTS); f) schematic illustration of SAMs on 
the substrates. 
 
where the field is applied over 100 nm distances, the Schottky barrier can have a high 
impact on OFET device operation and can seriously limit charge injection. This is 
especially true if a large mismatch exists between work function of the semiconductor 
and the injecting electrode (e.g. polyfluorenes and silver).
34
 
 Contact limitations can be reduced by modifying the work function of the 
source-drain electrodes using e.g. self-assembled monolayers (SAM).
34,35,36
 When 
SAMs are applied to the contacts the work function can be altered leading to a largely  
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Figure 1.12. Illustration of the difference in charge injection area between bottom-gate/bottom-contact 
and bottom-gate/top-contact devices. (Reproduced from Ref. 31) 
 
increased drain current in both bottom contact/top gate and bottom contact/bottom 
gate devices. However, note that contact resistance effects can not only be contributed 
to Schottky contacts. For example, a pronounced supralinear behaviour has been 
observed even for devices comprised of a semiconductor and electrode materials of 
similar work functions. Illustrative examples are devices fabricated with  poly(3-
hexylthiophene) (P3HT; HOMO  4.9 eV) and poly(2,5-bis(3-alkylthiophen-2-
yl)thieno[3,2-b]thiophene) (PBTTT; HOMO  5.1 eV) as semiconductors, and gold 
source/drain electrodes (Fermi level  5.1 eV).37,38,39 
 Charge trapping can also lead to a supralinear behaviour of ID vs. VD. If such 
localised states or “traps” within the channel dominate charge transport, an electric-
field dependent mobility is frequently observed.
30,40
 This behaviour can be attributed 
to a Poole-Frenkel effect where the charge transport is attributed to charge hopping 
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between localised trap states.
7,32,41
 Observed by Li et al., charge traps such as grain 
boundaries introduce potential drops in the channel similar to the Schottky barriers.
42
 
The mobility of devices comprising active layers with a large number of grain 
boundaries in the channel increases with the source/drain bias; hence, a supralinear 
behaviour in output characteristics is found.
40,43
 
 The device geometry also can influence charge injection. For instance, a 
limited effective injection area of the source/drain electrodes in bottom-gate/bottom-
contact devices is considered to be a reason for the frequent occurrence of supralinear 
behaviour in this FET architecture, and thus the often lower device performance that 
is observed compared to top contact structures. Fig. 1.12 illustrates, for example, that 
in bottom-gate/top-contact devices, charge can be injected into the insulator/ 
semiconductor interface from the source/drain electrodes more effectively, because 
there is a larger overlap area of the source/drain electrodes and gate, despite the 
charges have to go through the bulk of the semiconductor.
31
 Unfortunately, the top 
gate devices cannot be easily analysed with SKPM which would allow the potential 
drop at the contact to be measured and compared to bottom gate devices. 
 In summary, OFET device can be severely injection limited due to a 
combination of reasons. In most cases, these undesirable effects are arising due to 
contact resistance effects which are less dominant in large channel-length devices or 
transistors made of a semiconductor with low mobility as in these structures the 
device is limited by the resistance of the channel.
44
 Bottom gate/top contact devices 
normally show a reduced contact resistance compared to bottom gate/bottom contact 
devices. In addition, application of SAMs on the electrodes or dielectric can reduce 
the supralinear effect especially in bottom gate/bottom contact geometries by reducing 
the injection barriers or traps, respectively. 
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Figure 1.13. Typical bottom-gate/bottom-contact output characteristics of OFETs made with (a) P3HT 
as active material featuring Vth  0 V and (b) with a P3HT/high density polyethylene 50:50 (in weight) 
blend as active layer. 
 
1.2.2.2 Threshold voltage 
 The threshold voltage (Vth) which defines at which gate voltage the transistor 
switches on is a device parameter in addition to the FET mobility that is especially 
important for circuitry design. Indeed, higher gain can be achieved in unipolar 
invertors consisting of two transistors of the same mobility and on/off ratio if Vth  0 V. 
 Undesirably, for many organic transistors Vth is not at 0 V, because it is 
affected by various parameters including selection of both the dielectric and 
semiconductor, presence of traps, etc. It also depends on the history of operation.
7,45
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Figure 1.14. SKPM data from a bottom-gate/bottom-contact device under stress, normalised by the 
maximum value. Blue solid line: drain current; red symbols: source resistance; cyan symbols: drain 
resistance; purple symbols: threshold voltage assuming a constant mobility. (Reproduced from Ref. 48)  
 
1.2.2.3 Bias stress 
 In many cases, the forward and reverse scans in both the transfer and output 
characteristics differ from each other. One reason for occurrence of such a device 
hysteresis is that the ID decreases during device operation.
46,47
 Based on SKPM on 
bottom gate/bottom contact device fabricated with poly(dioctylfluorene-co-
bithiophene) (F8T2) where ID was found to decrease by 50% in a period of 50 
minutes, the origin of this channel degradation has been attributed to bias-stress 
effects; which means that Vth shifts under the bias applied.
48
  
 Note that the threshold voltage of an OFET device can appear at a higher or 
lower voltage after various bias histories as illustrated by Gomes et al. on -
sexthiophene devices. For example, when a negative gate bias is applied on a “relaxed”  
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Figure 1.15. Transfer characteristics of a sexithiophene OFET device at VD = -0.5 V. I) annealed; II) 
relaxed; III) stressed. (Reproduced from Ref. 47) 
 
device, the threshold voltage will shift towards the negative gate voltage in the next 
scan. The stressed device will relax if no voltage is applied for a period of time. 
Thermal annealing of the device at 340 K with a positive bias applied, in contrast, will 
bring the threshold voltage towards positive values resulting in a notable drain current 
even when VG = 0 V.
47
  
 The origin of such bias-stress effects is likely to be traps located at the 
semiconductor/dielectrics interface. This effect not only reduces the ID at higher 
VD/VG but also at low VD/VG. Bias stress can therefore also lead to a supralinear 
dependence of ID vs. VD: high gate bias provide activation energy for hopping of 
immobilised traps leading to higher currents and an apparent higher charge-carrier 
mobility at higher VG, especially when a large amount of traps are located at the 
semiconductor/dielectric interface.
40,43,49
 In other words, this effect is highly 
dependent on the quality of the semiconductor/dielectric interface. That is one of the 
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reasons that high device mobility values are published for organic materials measured 
at high VG. Desirably, in recent years, thanks to the higher quality of the gate 
dielectrics (higher dielectric constant and/or surface quality) as well as the 
development of suitable SAMs treatments, devices that can operate also at low 
voltages have been demonstrated.
50,51,52,53,54,55
 
1.3 Organic field-effect transistor fabrication 
1.3.1 Solution-based methods 
As mentioned earlier, one of the most important advantages of organic 
semiconductors over their inorganic counterparts is the variety of fabrication methods 
that may be used to process them into useful devices.
7,8,56,57,58,59
 Clearly, it is possible 
to employ traditional vacuum and lithographic techniques to deposit many organics, 
however, these methodologies most often necessitate production steps such as 
chemical or physical vapour deposition and plasma etching, which generally require 
application of high temperatures and/or high vacuum.
12
 In strong contrast, solution-
based technologies commonly allow for deposition of the active layers at room 
temperature and at atmospheric pressure. Therefore solution-based processes promise 
to be more straight-forward and, thus, are potentially economically more viable 
compared to vacuum-based techniques. Thus, it is not surprising that, in recent years, 
new solution-processing techniques have been introduced for the fabrication of 
organic electronics components.
60
 Some of these methods will be used in this thesis to 
process small-molecular semiconductors such as TIPS pentacene and its derivatives 
into useful architectures. In the following sections, solution processing methods, such 
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as solution (drop-) casting, spin coating, ink-jet printing and dip-coating, will be 
discussed. 
1.3.1.1 Drop casting 
One of the most commonly used processing techniques in the laboratory is 
drop casting. By applying the solution comprising the functional organic molecules 
directly onto the desired substrate, film formation can be controlled by various 
parameters, such as solution concentration, evaporation rate, etc. Therefore, in this 
thesis, we frequently employed solution-casting methods for the fabrication of model 
organic semiconducting structures.
58,61,62
  
1.3.1.2 Spin coating 
Spin coating is a frequently used solution-based processing method in which 
the solution is applied onto a rotating substrate. In this way, excess solution is 
removed by the centripetal force, which results in thin, often, homogeneous films. 
However a considerable amount of material is lost in this process. Furthermore, spin 
coating is not ideal for solution deposition of TIPS pentacene and other small-
molecular semiconductors, because unlike polymers, the solution viscosity of these 
materials is very low, resulting in thin, often highly inhomogeneous films. This is 
predominantly due to the poor wetting of such low viscosity liquids. In addition, the 
fast evaporation rate caused by the rotating motion of the substrate may hinder 
crystallisation and, thus, amorphous structures are frequently obtained.
59
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Figure 1.16. a) A photograph of a spin coater. (Adapted from the WA-650-23NPP Modular Spin 
Processor from Laurell Ltd. information sheet) b) Schematic illustration of the spin-coating working 
principle. 
 
1.3.1.3 Inkjet printing 
Inkjet printing is also explored for the manufacture of organic electronic 
devices.
63,64,65,66
 Originating from the low-cost technology exploited in home and 
office printers, the industrial inkjet printers promise various potential advantages, 
such as high resolution and low material waste. Moreover, the drying procedure of 
inkjet-printed structures is similar to “drop-cast” films which can be modified by 
various parameters. Therefore, a high film homogeneity can generally be obtained 
with this method after certain optimisation procedures. The low drop volume required 
in the inkjet-printing process often results in a high solidification rate of the ink. This 
can be undesirable as it sometimes results in amorphous architectures as 
crystallisation of the ink material is prevented. This normally yields in lower device  
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solution
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Figure 1.17. Schematic illustration of the inkjet printing process, and micrograph of inkjet printed 
TIPS pentacene from toluene solutions onto a transistor substrate comprising the commercial resist 
SU8 as dielectric. 
 
performance. Higher boiling point solvents (i.e. tetralene, decalene, trichlorobenzene) 
are thus often selected for this process as lower evaporation rates can be realised and 
hence structures of higher degree of crystallinity can be produced. Nonetheless, there 
are stringent requirements for the inks employed in inkjet printing. Their viscosity has 
to be sufficiently low in order to allow the channel of the nozzle to be refilled in about 
100 s, whilst the surface tension has to be sufficiently high to prevent the ink 
dripping from the nozzle. In addition, the particle size in the solution cannot exceed 2 
m to prevent nozzle blockage. Furthermore, the low printing rate can limit the 
application of inkjet printing of organic semiconductors especially when focusing on 
realising high-throughput structures.
67
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Figure 1.18. a) Photograph of the dip coater setup I used at Imperial College London (image provided 
by Bart van Overbeeke Fotografie). b) Optical micrograph of TIPS pentacene thin films dip-coated 
from an isopropanol/toluene mixture at 0.02 mm/s withdrawal speed. c) Atomic-force micrograph of 
the film shown in (b). (Adopted form Ref. 68) 
 
1.3.1.4 Dip coating 
Dip coating is another commonly used coating technique where a substrate is 
immersed into a solution of the material that has to be deposited, and then the 
substrate is withdrawn at a controlled rate. Frequently anisotropic structures can be 
produced.
68
 Therefore, dip coating is widely studied for processing of highly 
crystalline materials including TIPS pentacene.
69
 Indeed, by carefully designing the 
coating conditions and choosing e.g. a binary solvent system, it is possible to realise 
films comprised of highly ordered TIPS pentacene crystals. Desirably, the crystal 
growth direction can be readily controlled in this manner. However, since the crystals, 
50 m
b)
c)
a)
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which are of a width of 20 m, were found to be separated by 4 m voids, charge 
transport was significantly limited perpendicular to the needle direction. Furthermore, 
the crystals were of a thickness of up to 15 m leading to a considerably high bulk 
current which limits the on/off ratio of the drain current. Note also that in order to 
obtain the desired crystal structures, the withdrawal speed of dip coating needed to be 
<0.1 mm/s. Therefore, technologically, a reasonable device throughput cannot be 
realised with this method.
68
 
1.3.2 Additive-assisted processing 
1.3.2.1 Polymer additives 
Blending of organic semiconductors with polymers additives, which generally 
are electrically inert, is a commonly explored option to gain additional means to 
control the thin-film microstructure of these materials.
37,20,70,71,72
 This is particularly 
true when small-molecular semiconductors are used. For instance, for TIPS pentacene 
derivatives, it has been demonstrated that blends with a polymer additive can provide 
better processability as well as an enhanced electronic performance compared to the 
neat materials. In blends with poly(triarylamine) (PTAA),
19
 poly(methyl methacrylate) 
(PMMA),
73
 polystyrene (PS)
74
 or poly(-methylstyrene) (PMS),75 usually a 
vertically phase separated structure is obtained,
20 
where the TIPS pentacene 
accumulates at both top and bottom interfaces of the blend film leading to a three 
layer structure with the polymer-rich phase located between the two TIPS pentacene-
rich phases (see Fig. 1.19a). This might be one of the reasons that top-gate devices 
show in general improved transistor characteristics when using acene/polymer blends  
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Figure 1.19. Secondary ion mass spectrometry (SIMS) data of TIPS pentacene blend films where the 
Si signal allows tracking of the semiconductor in the thin-film structure. The semiconductor is found to 
accumulate at both surfaces of the blend film (a) In other samples the semiconductor only was found at 
the top surface in (b). (Reproduced from Ref. 20) 
 
as active layer.
19,75
 An additional benefit of such a vertically phase separated structure 
is an often improved device stability. In case of TES ADT, this was attributed to the 
fact that material that degraded though exposure to UV-irradiation was found to 
diffuse to the interface with the polymer-rich phase.
72
 
However, use of such blend devices in top gate geometry raises the 
complexity in circuitry design and integration, limiting its applications. Moreover, the 
vertical phase separation of polymer additive and semiconductor is challenging to 
control. (see Fig. 1.19) Indeed, generally, a two step process is usually necessary to 
achieve the desired degree of segregation, that includes solution deposition (most 
often using spin coating) followed by thermal or solvent annealing of the resulting 
structure. There is evidence though, that the annealing step can be avoided by spin- 
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Figure 1.20. a) Optical properties of isotactic polypropylene (i-PP)/1,3:2,4-bis(3,4-dimethyl 
dibenzylidene)sorbitol (DMDBS) blends of different compositions (0.1, 0.5, 2, and 10 wt% of 
DMDBS). b) Measured values for haze and clarity as a function of the DMDBS content. c,d,e) Optical 
micrographs of the morphology of compression films of binary i-PP/DMDBS mixtures containing 
different amounts of DMDBS (in wt%): (c) 0.1, (d) 0.2, (e) 40.0. (Reproduced from Ref. 76) 
 
coating the semiconductor/polymer blends from a high boiling point solvent (e.g. 
tetralene) and stop the spinning process before the film has fully dried. This 
significantly increases the solidification time, and the control of spinning time and 
speed at a given temperature and humidity is non-trivial. An additional issue using 
this slow-drying process is that the film while solidifying will tend to dewet. Thus 
only a limited number of surface treatments can be used to modify the substrate 
limiting the option to adjust the gate-dielectric/semiconductor interface and/or 
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improve charge injection through modification of the source-drain contacts. Therefore, 
only top gate devices could so far be produced with this procedure. 
1.3.2.2 Nucleation agents 
Nucleation agents are widely used in the metal alloy and polymer industry to 
control the morphology of the solid-state microstructure obtained from the melt or 
solution. They are additives that display higher melting temperatures and/or a lower 
solubility in the liquid, which the mixture is processed from, compared to the active 
component. This leads to heterogeneous nucleation of the latter. Indeed, nucleation 
agents allow control of the degree of crystallinity, crystal quality, nuclei number, 
crystal size, etc. of the resulting structure. An illustrative example is isotactic 
polypropylene (i-PP). Addition of as little as 0.2 wt% of 1,3:2,4-bis(3,4-
dimethyldibenzylidene) sorbitol (DMDBS, Millad 3988) as nucleation agent, leads to 
drastically different optical properties of the resulting structures compared to the neat 
component (see Fig. 1.20).
76
  
In this thesis, we will demonstrate that use of nucleation agents can 
considerably improve the processability of small-molecular semiconductors. For TIPS 
pentacene, for example, dewetting from substrates treated with hydrophobic SAMs 
can be essentially prevented. Another benefit of using nucleation agents is that it 
reduces the morphological variation of solution processed solid-state structures of 
TIPS pentacene. This will be discussed in detail Chapter 5.  
 
 
34 | P a g e  
 
 
 
 
 
 
 
 
Figure 1.21. Phase diagram of blend of materials A and B that are immiscible in the solid state. a) 
Eutectic system; b) a system that shows compound formation leading to compound AB of a higher 
melting point than either of the two neat materials.
77
 
 
1.3.2.3 Small-molecular additives for co-crystal formation  
Compound formation of two or more organic materials was firstly reported by 
Friedrich Wöhler in 1844, who found that quinone and hydroquinone form a 1:1 
complex (by mol).
78
 This complex exhibited distinctly different properties to its 
constituting components. For example, a drastic colour change was observed after 
compound formation. In addition, the thermal characteristics were affected. Unlike 
the eutectic system (Fig. 1.21a) where the melting point of either material is 
depressed in presence of the other one, molecular complexes feature a higher melting 
temperature than the neat materials it is formed of (Fig. 1.21b). For example, In 1960, 
Patrick and Prosser reported that by blending hexafluorobenzene (HFB) and 
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benzene,
79
 a 1:1 (by mol) solid complex is formed that displays a melting point Tm = 
23.7 C, whilst the neat components are liquids at room temperature (Tm = 5 C and 
5.4 C, respectively). Compound formation, therefore, may provide a potential tool to 
control the microstructure of a thin film. Using small-molecular additives in 
combination with TIPS pentacene and its derivatives is discussed in Chapter 5.  
 
As illustrated above, a number of processing methods as well as additives 
have been explored for solution processing of small-molecule semiconductors. Drop 
casting is the most straight-forward method. It can be controlled by tuning processing 
conditions and it can provide a guideline for other processing procedures. Therefore, 
it will be used in most of the work presented in this thesis. Spin coating is one of the 
most investigated thin-film fabrication methods. However, we found that this method 
does not provide desirable microstructure for most of the solution processable small-
molecule semiconductors. Inkjet printing provides advantages with respect to the 
controlled solidification process, patternable structures that can be realised and 
suitability for large-area fabrication such as roll-to-roll processes. In Chapter 5, we 
will demonstrate using nucleation agents in inkjet printing to obtain more control of 
this methodology. Using additives, both polymeric and small-molecule, can be 
beneficial in solution processing of small-molecule semiconductors. In this thesis, we 
will focus on not fully explored small-molecule additives and identify additional tools 
for the control of the microstructure of TIPS pentacene and its derivatives. 
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Chapter 2 
Experimental methods 
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2.1 Materials 
6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene was kindly supplied by 
Martin Heeney (Department of Chemistry, Imperial College London). 5,11-
bis(triethylsilylethynyl)anthraxdithiophene (TES ADT) and hexacene derivatives of 
were kindly supplied by John E. Anthony (University of Kentucky), and -
tetraethyl(triisopropylsilylethynyl) pentacene (BTE-TIPS-PEN) by Steve Tierney 
(Merck Chemicals). Solvents used in this thesis were purchased from Sigma-Aldrich 
and were used as received. 
2.2 Methods 
2.2.1 Thin-film preparation 
 Thin-film structures used in this thesis were produced by drop casting and 
inkjet printing. Samples were prepared in air and the substrate temperature was 
controlled by a hotplate or a chilled metal block as specified in the text. For certain 
materials, in order to produce anisotropic architectures, the substrates needed to be 
tilted. If required, samples were thermally annealed using a hotplate in air.  
2.2.2 Differential scanning calorimetry (DSC) 
 Differential scanning calorimetry (DSC) is a thermoanalytical technique in 
which the difference in the amount of heat required to increase the temperature of a 
material system and a reference are measured as a function of temperature. As  
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Figure 2.1. a) Photograph of the differential scanning calorimetry (DSC) furnace. The inset shows a 
photograph of the equipment. b) Typical DSC thermograph of a material that features a glass transition, 
as well as crystallisation and melting transitions. 
 
illustrated in Fig. 2.1a, both the material analysed and a reference are maintained 
inside a furnace throughout the experiments. The reference has a well-defined heat 
capacity without any phase transition over the range of temperatures investigated. 
When a material analysed undergoes a physical transformation such as a phase 
transition, or a chemical reaction such as decomposition, more (or less) heat will be 
required to keep the sample at the same temperature as the reference, depending on 
the reaction being exothermic or endothermic. From the difference between the heat 
flow into (or out of) the sample and reference, the calorimeter is able to measure the 
amount of heat absorbed (or released) by the sample during these transitions. In 
addition, DSC may also be used to observe more subtle phase changes, such as glass 
transitions (see Fig. 2.1b), which results in a step-like feature in the DSC thermogram. 
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On the other hand, exothermic transitions (e.g. crystallisation) and endothermic 
transitions (e.g. melting) result in peaks. 
 DSC is a highly valuable tool to identify differences in solid-state 
microstructure due to the samples’ processing history. For example, the molecular 
order (e.g. degree of crystallinity) induced by thermal annealing significantly modifies 
the DSC thermograph of a given sample. Furthermore, degradation, for instance, 
through exposure to high temperatures might result in a reduction of e.g. the enthalpy 
of fusion when more than one heating and cooling scans are used. Therefore, several 
cycles are often applied to monitor the processing-induced properties as well as obtain 
indication of thermal degradation. 
In this thesis, DSC measurements were conducted under N2 atmosphere at a 
scan rate of 10 °C/min using a Mettler Toledo STAR
e
 system (DSC 1). Standard 
Mettler Aluminum crucibles were utilised, for this purpose employing samples of ~5 
mg in weight.  
2.2.3 Polarised optical microscopy 
 Optical microscopy is one of the most direct  methods to analyse the 
microstructure of thin films. Transmission or reflection mode can be applied 
according to the substrate type and film thickness. Polarised microscopy is a method 
to distinguish molecularly ordered (e.g. crystalline) structures from amorphous 
regions. It takes advantage of the double refraction properties of an ordered structure 
where light is selectively directed according to the light’s  polarisation. As a 
consequence, the polarisation of incoming linear polarised light is altered resulting in  
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Figure 2.2. Schematic illustration of the working principle of a polarised optical microscope: a) non-
polarised; b) cross-polarised with amorphous specimen; c) cross-polarised with crystalline specimen. 
 
a so-called optical rotation. Usually, two polarisers are used (see Fig. 2.2) through 
which the light passes both before and after passing through the sample. These two 
polarisers are oriented perpendicular to each other. Therefore, when there is no 
sample or the sample is amorphous, no light passes through to the viewer. On the 
other hand, if an ordered structure, such as a crystal, is placed between the two 
polarisers, portion of the light is rotated and thus can pass the second polariser. 
Consequently, a bright image of the ordered structure can be obtained on a dark 
background. In this way, ordered structures can be identified and distinguished from 
amorphous architectures.  
light source
first 
polarizer
second 
polarizer
sample
optical rotation
eye piece or camera
a) b) c)
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For this thesis, optical microscopy was carried out using an Olympus BX51 
polarising microscope equipped with a Q-imaging Go-3 camera. The temperature of 
the sample was in certain cases varied with a Mettler Toledo FP82HT hot stage. 
2.2.4 Ultraviolet-visible absorption (UV-vis) and photoluminescence (PL) 
spectroscopy 
 Ultraviolet-visible (UV-vis) spectroscopy is an optical technique that measures 
the light absorption of dilute solutions or thin-film structures in the wave-length range 
from ultraviolet (UV;  ≥ 200 nm) to near-infrared (NR;  ≤ 1800 nm). The 
absorption A is given by the Beer-Lambert Law (Equation 2.1): 
)/(log 010 IIA                                                          Equation 2.1 
where I0 is the intensity of the incident light at a given wavelength and I is the 
transmitted intensity.  
 From UV-vis absorption spectra, the energy of specific electronic transitions 
of a given sample may be deduced and, hence, information on the band structure of 
the system at hand is obtained. Note, though, that the absorption of a sample is not an 
intrinsic material property but is strongly affected by its electronic environment as 
well as the extent of aggregation in the solid state. Indeed, changes in UV-vis 
absorption often indicate different molecular arrangement and molecular ordering of a 
given sample. 
 Similar to UV-vis spectroscopy, photoluminescence (PL) spectroscopy is 
another straightforward method that can be used to obtain information of the 
optoelectronic properties of an organic semiconductor. Both photon emission of a  
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Figure 2.3. a) Schematics illustration of the energy bands of a typical semiconductor and the energy 
transitions associated with UV-vis absorption and photoluminescence. b) A typical UV-vis absorption 
and photoluminescence spectrum displaying the 0-1 transitions. 
 
solution or a solid specimen can be assessed after excitation by an external laser. The 
wavelength of the external laser should be adjusted such that the main excitation lies 
within the absorption band of the sample. 
A Perkin Elmer Lambda 25 spectrophotometer and a Horiba Spex Fluoromax-
1 spectrofluorometer were employed in this thesis. Glass UV-vis cuvettes (Sigma-
Aldrich) with a 1 cm light path were employed when measuring dilute solutions while 
microscopy glass slides were used to analyse thin films. 
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Figure 2.4. Illustration of the Bragg’s Law where the diffraction condition is satisfied at n = 1. 
 
2.2.5 Wide-angle X-ray scattering (WAXS) 
 Wide-angle X-ray scattering (WAXS) is a structure-determination method 
where the arrangements of molecules or atoms can be studied within a solid-state 
structure. The diffraction of a monochromatic X-ray beam only occurs if the distance 
between crystal planes differs by an integer number, n, of wavelengths according to 
Bragg's Law (Equation 2.2; Fig. 2.4): 
 sin2dn                                             Equation 2.2 
where n is an integer,  is the wavelength of the incident X-ray, d is the distance 
between successive crystallographic planes, and  is the angle between the incident 
X-ray beam and the scattering planes. Therefore the radiation wavelength, incident 
angle, sample position and detector position have to be defined.  
λ/2
d
ϑ
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 WAXS patterns also give a large amount of information about the degree of 
crystallinity, crystal size and size distribution, the unit cell and molecular arrangement 
in a given structure. 
 WAXS measurements within this thesis were performed with either of the 
following setups: a Philips X'pert Pro MRD using CuK-radiation ( = 1.5418Å) or a 
time-resolved small-angle/wide-angle X-ray diffraction setup fitted with a PILATUS 
300K-W Detector System at the DUBBLE beamline of the European Synchrotron 
Radiation Facility (ESRF; Grenoble, France). Thereby, a Linkam DSC600 Optical 
System was used to vary and monitor the temperatures. 
2.2.6 Transistor fabrication and characterisation 
OFETs fabricated within this thesis were all of a bottom gate/bottom contact 
configuration. They were processed in air by either solution casting or inkjet printing. 
The following types of substrates were used: for ink-jet printing, substrates were used 
comprising a polymer dielectric (SU8, thickness = 250 nm, dielectric constant = 9 nF), 
gold source/drain electrodes and highly doped silicon as gate electrode. The gold 
electrodes were treated with 1H,1H,2H,2H-perfluorodecanethiol (PFDT). The other 
type of substrate was based on a highly doped silicon substrate with thermally grown 
SiO2 as dielectric (thickness = 220 nm, dielectric constant = 17 nF) and gold 
source/drain electrodes. Thereby, the gold electrodes and the SiO2 dielectric had been 
treated with PFDT and octadecyltrichlorosilane (OTS), respectively. Certain 
transistors were produced based on a highly doped Si substrate comprising also a SiO2 
dielectric (thickness = 180 nm, dielectric constant = 20 nF) with the gold electrodes 
and SiO2 comprising SAMs of pentafluorobenzenethiol (PFBT) and 
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trichlorophenylsilane (TCPS), respectively. The chemical structures of the materials 
used to fabricate the SAMs are displayed in Fig. 1.11. SAMs structure of OTS was 
fabricated by drop casting a solution of 5 l/ml OTS in a mixture containing one part 
of water-saturated toluene and two parts of anhydrous toluene onto SiO2 substrates, 
which had been treated with UV-ozone. The OTS solution was washed away after 5 
seconds with toluene and followed by cleaning with acetone and isopropyl alcohol. 
All the transistor measurements including the transfer and output 
characteristics were performed in a glove box filled with nitrogen gas of an oxygen 
content of less than 10 ppm and a water content less than 1 ppm. During the transfer 
of devices into the glove box, vacuum was applied several times for short periods of 
time. Therefore, it can be considered that the residual solvents were essentially fully 
removed in this prodecure as only low boiling point solvent (chloroform Tb = 61.2 C 
and toluene Tb = 110.6 C) were used in this work. 
2.2.7 Time-of-flight photoconductivity measurements 
Time-of-flight photoconductivity (ToF) measurements are widely used for 
assessing the bulk charge transport of semiconducting materials. It is a direct method 
which detects the time photogenerated charges need to drift through a semiconducting 
material under a given bias (V) between two electrodes with a known distance (L). To 
this end, a pulsed laser is employed to generate charge carriers near one electrode. 
Therefore, the wavelength of the laser should be within the absorption band of the 
semiconductor. By measuring the transit time (ttr) i.e. the time it takes the 
photogenerated charges to cross the sample, the average charge velocity can be obtained 
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Figure 2.5. a) Illustration of a photo-transient plot of a sample where photogenerated charges are of, 
respectively, uniform velocity (blue line) and non-uniform velocity (red line).The transit times are 
marked with arrows. b) Illustration of a photo-transient plot where various biases were applied on a 
sample. 
 
from L/ttr. Assuming the electric field in the semiconductor is given by V/L, the time-
of-flight mobility (ToF) of the semiconductor can be calculated using the following 
equation:   
Vt
L
tr
ToF
2
            Equation 2.3 
In an ideal case, the photogenerated charges travel through the semiconductor 
with a uniform and constant velocity reaching the opposite electrode at the same time. 
This will lead to a photo-transit with a clear cut off. However, for organic 
semiconductors, the charges generally do not travel with a uniform velocity. 
Consequently, their transit times vary resulting in a more gradual cut off of the current 
(see Fig. 2.5a). The transit time is consequently determined from the intersection  
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Figure 2.6. Schematic of a ToF transient photoconductivity measurement setup for thin films, using a 
diode structure (a) and coplanar electrodes configurations (b). 
 
point of the tangents of the photo-transient in double-logarithmic plots of the current 
vs. time. Note also that a range of biases are often applied in order to determine the 
transit time to scrutinise if an increase in bias voltage will result in a higher current 
and a reduced transit time (see Fig. 2.5b). 
The classic configuration used in ToF measurements is a diode-like structure 
where a thin film of semiconductor is sandwiched between two electrodes. There are 
several restrictions, which must be satisfied in order to be able to measure the transit 
time. The separation between electrodes (L) must be larger than 1 m in order to 
reduce sample capacitance (C) and to ensure that the sample does absorb the laser 
pulse only at one electrode. Furthermore, the photogenerated charge should not screen 
the applied electric field. Therefore, the amount of photogenerated charge must be 
lower than the charge generated by the capacitor effect (CV). However, low amount 
biasexcitation
R
bias
excitation
R
 1 m  100 m
A
A
E
E
transparent 
electrode
a) b)
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of photogenerated charge can result in a low signal to noise ratio. For this reason, the 
bias voltage is often increased in order to induce a higher amount of charge and thus a 
higher current signal. The same reasoning applies for FET devices where the charge-
carrier mobility parallel to the thin-film structure is assessed. This is particularly true 
for (semi-)crystalline semiconductors, which can display a certain degree of 
anisotropy in their properties due to the presence of some preferred structural 
orientation. The drawback of this diode-like ToF structure is the charge-carrier 
mobility measured in this configuration cannot be directly compared to the mobility 
measured in FET devices, as the bulk charge transport is measured. 
In this thesis, we therefore often employed a lateral time-of-flight (l-ToF) 
photoconductivity technique where two coplanar electrodes are placed laterally onto a 
thin film in a configuration similar to transistors devices. In this way, charge transport 
along the thin-film structure can be measured. Normally, the separation between the 
coplanar electrodes in l-ToF is higher than in the diode configuration demanding 
higher bias voltages. Nonetheless, l-ToF features several advantages: this method is 
less sensitive to large surface moldulations, i.e. also highly crystalline samples which 
often are of a considerable surface roughness can be analysed; on the other hand, 
compared to FET measurements l-ToF is not affected by undesired effects that can 
affect transistor performance such as poor semiconductor/dielectric interface, charge 
injection problems, etc.  
However, even in ideal cases, the mobility measured with FET and l-ToF 
configurations can differ as the charge densities are not similar. In FET devices, 
charges are accumulated in few molecular layers at the semiconductor/dielectric 
interface to form a so-called accumulation layer. The density can be manipulated with 
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the gate voltage. On the other hand, the charge carriers in l-ToF are predominately 
photogenerated and cannot be varied readily. Since the charge transport of organic 
materials is sensitive to traps, higher density of charge carriers renders charge 
transport less sensitive to such localised states. Consequently, higher mobility value 
may be measured in FETs compared to l-ToF. One has in addition to realise that the 
mobility calculation of l-ToF is based on the assumption that the electric field is 
constant, given by V/L in a “parallel-plate capacitor model”. However, as indicated in 
Fig. 2.6b, a more complicated “pair of parallel wires model” has to be applied in the 
calculation in the l-ToF measurement because of the non-uniform spatial distribution 
of the electric field. 
All the l-ToF samples reported in this thesis were fabricated by solution 
casting followed by a suitable thermal treatment. The measurements were all 
conducted in air and in darkness. A 2.5GHz Lecroy WavePro 725Zi oscilloscope was 
employed combined with a Keithley 6487 Picoammeter and a CAEN N1470 power 
supplies used for the generation of a bias of, respectively, smaller or larger than 800 V. 
An Ekspla NT342 Tuneable wavelength pulsed laser was utilised to photogenerate 
charge in the samples. 
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Chapter 3 
Single-step solution processing 
of small-molecule organic 
semiconductor field-effect 
transistors at high yield 
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3.1. Introduction 
Soluble pentacene and anthradithiophene are promising candidates for 
organic field-effect transistors (OFETs): among these compounds, 5,11-
bis(triethylsilylethynyl)anthradithiophene (TES ADT) is one of the highest 
performing materials with charge-carrier mobilities FET reaching 1 cm
2
/Vs.
1
 
However, obtaining reproducibly and reliability in realising such a high performance 
with this small molecule is still challenging. The latter is probably best reflected by 
the fact that published mobility values span orders of magnitudes, and striking 
differences in other relevant device characteristics are also found in literature.
1,2,3
 In 
order to overcome this undesirable feature of TES ADT, 2,8-difluoro-5,11-
bis(triethylsilylethynyl)anthradithiophene (FADT) was synthesised, tailored for 
accelerating molecular assembly in solution through halogen interactions (which 
result from the introduction of difluoro-moieties into the fused-aromatic backbone).
4
 
Discussed in the introduction of this thesis, this adjusted molecular design 
significantly increased the reproducibility in obtaining thin-film structures of good 
semiconducting properties and device performance, and uniformity could be 
enhanced further when the material was blended with a polymer matrix, such as the 
semiconducting polytriarylamines (PTAAs).
5
 However, high-performance transistors 
were mostly obtained in top-gate devices, in combination with relatively thick 
polymer gate dielectrics of a low dielectric constant, where circuitry integration can 
be complex and the low capacitance between gate electrode and semiconducting 
channel implies use of high driving voltages. The reason for the need for employing 
a top-gate configuration is that the device performance of such blends relies on a 
vertical phase segregation of the small molecule to the top surface (i.e. towards the 
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Figure 3.1. (a) 5,11-bis(triethylsilylethynyl)anthradithiophene (TES ADT) and (b) 2,8-difluoro-5,11-
bis(triethylsilylethynyl)anthradithiophene (FADT). 
 
dielectric interface) – which is usually difficult to control, especially over large areas. 
Since, in addition, the synthetic route of FADT is significantly more intricate 
compared to the non-fluorinated TES ADT, we revisited the use of TES ADT in 
OFET applications, focusing on single component systems and the technologically 
desired bottom-gate/bottom-contact transistor configuration.  
Recent work has indicated that following such a strategy of using single 
component TES ADT active layers in bottom gate/bottom contact devices may be a 
feasible option. Most prominently, Lee et al. exploited ‘aging’ (i.e. crystallisation 
over time) of an initial vitreous solid state of low mobility (FET  0.002 cm
2
/Vs) to 
realise well performing structures. However, in order to obtain FET  0.1 cm
2
/Vs 
with such TES ADT architectures, the material needed to be aged over a period of at 
least 7 days in vacuum.
3
 This aging effect was attributed to the relatively low glass 
transition temperature (Tg = 27 C) of TES ADT. Ageing at elevated temperatures  
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Figure 3.2. Optical (a) and atomic force (b) micrographs of spin coated TES ADT thin films kept 
under vacuum at room temperatures. (Reproduced from Ref. 3) 
 
 
 
 
 
 
Figure 3.3. Differential scanning calorimetry (DSC) thermograms of TES ADT. The thermogram in 
the inset shows the glass transition temperature observed in the second heating.  
0 1 days 3 days 5 days 7 days
1 m
a)
b)
50 m
50 100 150 200
1st
Heating
Temperature (C)
H
ea
t F
lo
w
 (m
W
/s
)
Cooling
2nd
1st
2nd
endo
20 30 40
Tg
H
ea
t 
Fl
o
w
 (
m
W
/s
)
P a g e  | 65 
 
 
has also been observed to occur in films of other small molecular semiconductors 
such as N,N′‐diphenyl‐N,N′‐bis(3‐methylphenyl)‐(1,1′‐biphenyl)‐4,4′‐diamine (TPD).6 
It is also a commonly found phenomena in bulk commodity polymer products.
7
 
3.2. Results and discussions 
We explored the possibility of manipulating the molecular order of TES ADT 
without the need to rely on time-consuming post-processing procedures. As it is 
obvious that ‘aging’ (or crystallisation in the solid state) may not lead to high-
throughput device manufacturing, in a first set of experiments we investigated if 
casting at temperatures above the glass transition temperature Tg of TES ADT 
directly leads to aged structures. For this purpose, we used 4 wt% TES ADT 
solutions in chloroform and drop cast them at Tcasting  30 - 40 C. Our reasoning was 
based on the fact that aging is a process that occurs at temperatures close to or above 
the glass transition temperature Tg of a given material, and thus high-temperature 
casting may accelerate this process. The transistors were fabricated on Si (n
++
)/SiO2 
substrates comprising an oxide dielectric of 140 nm-thickness and photo-
lithographically patterned Au source/drain electrodes. Prior to device fabrications, a 
pentafluorobenzenethiol (PFBT) monolayer was deposited onto the Au electrodes.
1
 
The SiO2 was treated with trichlorophenylsilane (TCPS). Predominantly amorphous 
structures were obtained when following this processing protocol, which were very 
similar to the spin-coated, low-mobility films reported by Lee et al. The amorphous 
nature of such ‘high-temperature cast’ TES ADT films is evident from the absence of 
any birefringence or detectable reflections in, respectively, the optical microscopy and 
wide-angle X-ray scattering (WAXS) data presented in Fig. 3.4. As a consequence of  
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Figure 3.4. Wide-angle X-ray scattering (WAXS) diffractograms of TES ADT films cast at 5 C (i) 
and 40 C (ii). 
 
 
 
Figure 3.5. Optical micrographs of TES ADT thin films, solution-cast at, respectively 5 C (a; 
crossed-polarised), room temperature (b; crossed-polarised) and 40 C (c; unpolarised) 
 
the high molecular disorder in such high-temperature cast TES ADT structures, 
bottom-gate/bottom-contact devices displayed a saturated charge-carrier mobility of 
only 5 x 10
-6
 cm
2
/Vs, in agreement with Ref. 3.  
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We attribute formation of an amorphous structure at least partly to the rapid 
solvent removal at the deposition temperature selected and, hence, the limited 
solidification time of TES ADT. This counter-acts the higher molecular mobility of 
structures obtained at elevated temperatures that could have led to an improved 
molecular arrangement in the resulting TES ADT architectures.  
In order to decrease the solidification rate, in a second set of experiments we 
therefore cast the TES ADT solution at 5 C, which can be expected to reduce the 
solvent evaporation rate. Highly birefringent TES ADT films were obtained in this 
manner. These featured well-defined diffraction peaks of a full-width-at-half-maxima 
of less than 0.014 Å
-1
 suggesting the formation of a high-quality thin film. Most 
intriguingly, these low-temperature cast TES ADT architectures were homogenous 
and uniform over the entire substrate area. Note, casting at 25 C led to a “mixed” 
microstructure comprised of amorphous domains interspersed in birefringent regions 
(Fig. 3.5c). 
The highly homogenous nature of the films cast at 5 C allowed us to 
fabricate bottom-gate/bottom-contact devices in a single step, with the resulting 
devices out-performing any single-component OFET based on TES ADT, 
independent of device architecture as recorded over 90 bottom-gate, bottom-contact 
transistors. All transistors displayed a steep sub-threshold slopes and high current 
modulation on the order of magnitude of 10
5
 at low operating voltage of –5 V and 
less; these are desired qualities for applications such as switching devices for display 
backplanes. We deduce high saturation mobilities of 0.42 ± 0.19 cm
2
/Vs, and 
observe stable threshold voltages of 3.6 ± 0.9 V. The best device reached a saturation  
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Figure 3.6. Typical OFET transfer (a) and output (b) characteristics of ‘low-temperature’-cast TES 
ADT thin films, measured in a bottom-contact/bottom-gate configuration. c) Saturation mobility (■), 
linear mobility (□) and on/off ratio (▲) deduced from 90 devices that had been cast at low 
temperatures. 
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Figure 3.7. Lateral time-of-flight transient photoconductivity (l-ToF) data. a) Schematic of the l-ToF 
setup. b) Photo current versus delay time after photo excitation under bias (varying from 200 V to 800 
V) of TES ADT thin films fabricated at 5 C (ttr indicates the transit time). c) Charge transport 
mobility calculated from ttr. 
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mobility of 1.3 cm
2
/Vs. Most beneficially, the device yield is 100%, which promises 
reliable manufacturing and simplified device integration, especially when 
consideringthat our single-step process has already allowed us to produce 
homogenous films of more than one square centimetre size. 
The above transistor data is supported by lateral time-of-flight transient 
photoconductivity measurements (l-ToF), which provides an alternative tool to 
analyse in-plane charge transport.
8
 The samples comprised 100 nm-thick Al 
electrodes that were evaporated onto glass substrates and a layer of TES ADT that 
was drop-cast on top. The fabrication procedure was identical to the procedure used 
to prepare bottom-gate/bottom-contact transistors. The separation between Al 
electrodes (L) was 160 μm.  
We applied biases from 200 V to 800 V between co-planar electrodes 
separated by 160 µm (rather than using a diode structure employed in more 
conventional ToF). Consistently charge-carrier mobilities of 0.08 cm
2
/Vs for the 
crystalline, ‘low-temperature cast’ TES ADT films can be deduced from the l-ToF 
data. These values are comparable to the mobilities measured for the bottom-gate, 
bottom-contact transistors fabricated following the same processing protocol; and the 
small difference observed can be attributed to the different charge carrier densities 
that can be induced in FETs compared to l-ToF measurements. This has already beed 
discussed in Chapter 2, In strong contrast, for the amorphous structures, cast above 
the glass transition temperature,
3
 we measured l-ToF mobilities that are four orders 
of magnitude lower (ToF of 6 x 10
-6
 cm
2
/Vs).  
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3.3 Conclusions  
When casting TES ADT solutions in chloroform at temperatures of more than 
20 ºC below the material’s glass transition temperature, highly crystalline thin films are 
realised by a single-step process. This allows reliable fabrication of high-performance 
bottom-gate/bottom-contact transistors as scrutinised based on device data obtained 
over 90 FET structures. We believe that our strategy is also likely to work for other 
organic semiconductors and that strict control of processing conditions, such as casting 
temperature will lead to further progress in the field of organic transistors.  
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Chapter 4 
Influence of solid-state 
microstructure on the electronic 
performance of an organic 
small-molecule semiconductor 
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4.1 Introduction 
As discussed already the in last chapter, 5,11-bis(triethylsilylethynyl) 
anthradithiophene (TES ADT, see Fig. 3.1) is one of the most promising materials for 
transistor applications; it can be readily synthesised at relatively large quantities
1,2
 and 
charge-carrier mobilities as high as 1.3 cm
2
/Vs and on/off ratios of more than 10
6
 
have been demonstrated using this small-molecular compound in organic field-effect 
transistor (OFET) devices.
1,3
  
The remarkable electronic performance of TES ADT is, however, challenging 
to reproduce in high yield when the material is processed from solution. Indeed, the 
OFET mobility values reported in literature cover six orders of magnitudes.
1,4,5,6
 One 
reason for this discrepancy in device performance can at least partially be attributed to 
the fact that charge transport in small-molecule organic semiconductors depends on 
the extent of the -orbital overlap and, thus, the solid-state order in such thin-film 
structures.
1,7,8,9
 For TES ADT, the extent of intermolecular interactions, including the 
basic motifs in which the molecules arrange in such architectures strongly depend on 
the deposition method and selected conditions. For example, spin-coating yields 
predominantly amorphous thin films where charge-transport is inevitably limited by 
the poor molecular order.
4
 By contrast, solution casting (e.g. “drop casting”) often 
results in highly crystalline structures – although, these structures do not necessarily 
display a good device performance. The reason for this is that the degree of 
crystallinity, crystalline perfection and orientation, grain size, presence of grain 
boundaries, as well as other features such as film roughness, can strongly influence 
the OFET characteristics produced with this material.
10,11,12,13,14
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Clearly, many structural factors of organic molecular arrangements can be also 
manipulated by post-deposition procedures, such as thermal
15,16
 and/or solvent 
annealing.
17,18,19
 For example, various annealing techniques can be applied to TES 
ADT in order to obtain more uniform structures of good device performance. As 
discussed already in Chapter 3, when predominantly amorphous TES ADT films 
(with a field-effect transistor mobility FET  7  10
-4
 cm
2
/Vs) were aged at room 
temperature and in vacuum for a period of 7 days or more, i.e. when they were 
crystallised in the solid state over time, homogeneous and crystalline structures of 
FET  6  10
-2
 cm
2
/Vs are obtained.
20
 Solvent vapour annealing is another tool that 
has been demonstrated to lead to such well-performing TES ADT architectures that 
feature indeed FET of up to 0.11 cm
2
/Vs.
4,6
  
Recent studies indicate, moreover, that TES ADT may form different 
crystalline structures depending on the thermal history of the given structure.
21
 Chung 
et al. observed, for instance, an endothermic transition in differential scanning 
calorimetry (DSC), which was attributed to a solid-solid phase transition. However, 
detailed information on the possible crystal forms and their corresponding OFET 
characteristics is still lacking. Here we, therefore, report a systematic investigation on 
the thermal behaviour of TES ADT, its different solid-state phases and their charge-
transport properties deduced from OFET device characteristics as well as lateral time-
of-flight (l-ToF) photoconductivity measurements. We identify the best performing 
TES ADT structure, therewith opening pathways which should allow identification of 
processing protocols that exclusively induce this specific polymorph for reliable 
fabrication of high-performance bottom-gate/bottom-contact transistors. 
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4.2 Results and discussions 
In the first set of experiments, we assessed the rich thermal behaviour of TES 
ADT using DSC and variable-temperature polarised optical microscopy (POM). For 
samples of thin films produced by casting solutions of 4 wt% TES ADT in chloroform 
at 5 C, we observe, similar to Chung et al.,21 two endothermic transitions around 
135 C and 155 C during heating from room temperature to 175 °C (Fig. 4.1a). In 
optical microscopy, a drastic change in microstructure is found at the first transition 
(135 C): from a highly birefringent, continuous terrace-like architecture with domain 
sizes of 500 m or more (hereafter referred to as -phase), to well-defined, single-
crystal-like needles of 20 m width and a few millimetres in length (β-phase; Fig. 
4.1b, right top panels). At temperatures above 155 C, all birefringence was lost 
indicating the melting of the material. 
During cooling from the melt at a rate of 10 C/min, no crystallisation 
endotherm was recorded in DSC (Fig. 4.1a). In agreement, in optical microscopy, thin 
films produced from the melt using identical cooling rates as in the thermal analysis 
were found to be amorphous (denoted: a-phase), as is evident from their featureless 
appearance in unpolarised light (Fig. 4.1b, left bottom panel) and the lack of 
birefringence between crossed polarisers (not shown). Interestingly, upon heating this 
glassy structure, the phase behaviour differed from the one observed for as-cast films. 
At 27 C, a glass transition temperature (Tg) of this vitreous TES ADT was observed. 
The material then re-crystallised at temperatures above 80 C, resulting in birefringent 
structures comprising domains of around 20 m in size (-phase; Fig. 4.1b, right 
bottom panel). This -phase melted at 130 C as deduced from the endotherm  
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Figure 4.1. a) Differential scanning calorimetry (DSC) thermograms of TES ADT powder obtained 
from films solution-cast from solutions of 4 wt% TES ADT in chloroform at 5 C. The chemical 
structure of TES ADT molecule is shown in the inset. “1” and “2” refer to first and second heating and 
cooling cycles, respectively. b)  Corresponding optical micrographs of, top left, an as-cast TES ADT 
film at room temperature (-phase); top right, the -phase (micrograph taken at 150 C); bottom left: 
amorphous TES ADT (a-phase ); and bottom right, the -phase, taken at 100C during heating of the a-
phase. [Note, the micrographs of the -, -, and -phase were taken between crossed polarisers].” 
 
observed at this temperature in thermal analysis (Fig. 4.1a) and the disappearance of 
all birefringence detected in POM.  
It is evident from these initial experiments that TES ADT shows 
polymorphism with at least four solid-state phases (, β,  and a), with their formation 
depending on processing history and thermal (post-) treatment. In order to obtain 
further information about these different structures, we analysed solution-cast films 
by variable-temperature wide-angle X-ray scattering (WAXS). The as-cast film (- 
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Figure 4.2. Variable-temperature wide-angle X-ray scattering (WAXS) patterns of solution-cast TES 
ADT. a) First heating cycle: initially the - polymorph is present. At 150 °C the -phase is formed. b) 
Second heating cycle: The initially amorphous structure (a-phase) re-crystallises to the -polymorph at 
temperatures above 80 °C. Melting of this phase () is observed at 130 °C (disappearance of all 
reflections). 
 
phase) featured sharp and well-defined reflections (Fig. 4.2a). Upon heating, at 140 
C, distinctly different diffraction patterns emerged with a prominent reflection at q  
0.6 Å
-1
, indicating the formation of the β-phase. All reflections disappeared at 
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temperatures above 160 C in agreement with the DSC endotherm at 155 C – being 
the melting transition. No detectable reflections were recorded upon cooling the film, 
again in accord with our thermal analysis and optical microscopy data. The -phase 
can be seen to develop at 80 C (Fig. 4.2b). 
Beneficially, TES ADT films comprised of the -, β-, -, or a-phase could be 
produced by first inducing the respective polymorph at the relevant temperature and 
then quenching the structure directly to room temperature. This allowed determination 
of the density (ρ) of these different TES ADT solids. We find that the - and β-phase 
are of very comparable densities: respectively, ρ() = 1.146 ± 0.004 g/cm3 and ρ(β) = 
1.144 ± 0.002 g/cm
3
. The -phase is significantly less dense than the other two 
crystalline polymorphs (ρ() = 1.128 ± 0.006 g/cm3), although the amorphous TES 
ADT featured the lowest density (ρ(a) = 1.115 ± 0.004 g/cm3).  
Device performance of the identified TES ADT phases differed significantly. 
Representative transfer and output characteristics for the -, β-, -, and a-phase are 
presented in Fig. 4.3. The average saturation mobilities deduced from these 
characteristics are 0.4 cm
2
/Vs (), 1  10-3 cm2/Vs (β), 5  10-3 cm2/Vs () and 5  10-6 
cm
2
/Vs (a). The -phase, which is the densest structure, yielded the best OFET 
characteristics in terms of mobility, on-current, sub-threshold slope, and absence of 
hysteresis between backward and forward scans. However, the β-phase, which is of 
almost the same density, displayed considerably inferior OFET characteristics and 
required analysis at a higher gate (and drain) bias to produce working devices, in 
strong contrast to other needle-like crystals of small molecules with similar chemical 
structures.
11,22,23
 This may be due the different molecular packing in these two 
polymorphs, or may origin from the fact that the needle-like architecture of such  
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Figure 4.3. Representative transfer and output characteristics taken at Vd = -1 V and -10 V for 
transistors based on the different TES ADT structures: the crystalline α-, β-, the amorphous a-phase, as 
well as the  -polymorph produced from the latter. Note that for the β-phase, Vg was swept from +10 V 
to -40 V, with Vd = -4 V and -40 V as the devices were not operational at lower voltages. 
 
β-TES ADT, results in thin films that were not fully continuous, which clearly would 
limit charge transport. Both would be consistent with the fact that the -phase, which 
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is of lower density than β-TES ADT, displayed higher charge-carrier mobilities 
compared to the latter polymorph. We like to note, though, that devices made of the -
phase were limited by a relatively pronounced hysteresis. Expectedly, the poorest 
device performance was found for the amorphous TES ADT structures.  
In order to determine whether the difference in OFET performance is a result 
of parasitic effects, such as poor dielectric–semiconductor interfaces and/or charge-
injection limitations rather than the molecular packing, we also performed lateral 
time-of-flight (l-ToF) photoconductivity measurements, where the influence of device 
geometry and contact resistance can be eliminated and native bulk charge-carrier 
mobility is measured in-plane of the thin films allowing direct comparison with the 
OFET data. Typical l-ToF photo-transients are displayed in Fig. 4.4. From the transit 
time ttr, i.e. the time it takes the photo-generated charges to reach the opposite 
electrode, deduced from the change of slope of the double logarithmic plots of current 
vs. time (indicated with arrows in Fig. 4.4), we can calculate the charge-carrier 
mobilities (ToF) for the different TES ADT architectures from:  
trToF VtL /
2      Equation 4.1 
where L and V are the distance and bias between the two electrodes, respectively. 
Again, the -phase displayed significantly inferior charge-carrier mobilities 
compared to the -phase (ToF(β)  2 – 8.5  10
-4
 cm
2
/Vs vs. ToF()  0.046 cm
2
/Vs 
at 800 V), indicating that charge transport in this TES ADT structure was not limited 
in transistors due to e.g. a significant difference in dielectric interface quality. Note 
also that charge transport in the needle-shaped structures of the TES ADT β-phase 
was not strongly dependent on the direction in which charge transport was assessed:  
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Figure 4.4. Lateral time-of-flight (l-ToF) transient photocurrents of TES ADT’s various phases with 
bias of 800 V. The photocurrents are displayed with respect to each other for the purpose of clarity. 
The position of the transit times ttr for the respective phases, obtained from corresponding fits (red and 
green lines) using the Scher-Montroll approximation, are indicated with arrows. A schematic view of 
the lateral time-of-flight transient photoconductivity measurement set-up comprised of coplanar 
electrodes is shown in the inset. The laser pulse illumination is confined to the biased electrode and 
charge transport is measured in-plane as in transistor devices. 
 
parallel and perpendicular to the needles we deduced l-ToF mobilities of, respectively, 
8.5  10-4 cm2/Vs and 2  10-4 cm2/Vs (L = 160 m; V = 800 V). The amorphous 
phase displayed minimum values of ToF of 2.5  10
-5
 cm
2
/Vs. The electronic 
performance of such amorphous films significantly improved, however, upon re-
crystallisation to the -phase, with ToF() reaching 9.9  10
-3
 cm
2
/Vs (at 800 V). 
X-ray powder diffraction (see Fig. 4.5) on solution-cast thin-film architectures 
of the -phase, powdered and placed in glass capillaries that rotated during the 
measurements provided some insight for the potential origin of this phase’s  
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Figure 4.5. Final Rietveld refinement plot for -phase TES ADT thin films, showing the experimental 
(red circles), calculated (black line) and difference profiles (blue line); green marks indicate reflection 
positions. Inset: View of the molecular packing of -phase TES ADT thin films, showing the - 
interactions (in blue). 
 
favorable structure/property interrelationship. We find that the structure of the thin-
film -phase is very comparable to the 2D -stacking arrangement reported for TES 
ADT single crystals.
1
 The average distance between -faces is 3.38 Å (3.26 Å for the 
single crystal structure
1
), and the -overlap slippage is 1.73 Å and 3.08 Å (1.84 and 
3.23 Å for the single crystal structure
1
). The unit cell of the thin film structure seems 
somewhat distorted (or “strained”) compared to the single crystal, which has recently 
been shown to drastically influence the electronic performance of small molecule, 
organic semiconductors:
24
 the a- and b- axis of the unit cell are larger in the thin film 
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Figure 4.6. Crystal structure of -phase TES ADT thin films (left) and single crystal (right), viewed 
along the a-axis. 
 
(a = 6.8739 Å, b = 7.4075 Å, compared to a = 6.7318 Å, b = 7.2511 Å in single-
crystalline TES ADT), while the c-axis dimension remains almost unchanged. 
However, the  and β angles are smaller in the thin films (see Fig. 4.6). Furthermore, 
grazing-incidence diffraction analysis of thin -phase films (not shown here), 
indicates that in such -TES ADT films, the (00l) planes are oriented perpendicular to 
the substrate. This has been shown to often lead to favorable charge transport 
pathways.
25
 Thereby the tilt angle of the aromatic plane with respect to the substrate is 
71.59º.  
b)a)
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4.3 Conclusions 
The rich phase behaviour of TES ADT revealed in this chapter confirms the 
strong dependence of charge transport on the molecular packing of this small-
molecule organic semiconductor. Depending on the polymorph induced, drastically 
different device characteristics are obtained. This may explain the broad range of 
charge-carrier mobility values that have been reported in literature for TES ADT. Best 
electronic performance (FET up to 1.3 cm
2
/Vs; ToF  0.046 cm
2
/Vs) is found for as-
cast TES ADT films (denoted here: the -phase). A direct correlation between TES 
ADT crystalline structure and charge transport seems to exist: the -phase is of a very 
comparable crystalline structure as TES ADT single crystals, but slightly strained and 
with the (00l) planes oriented perpendicular to the substrate. Without doubt, more 
detailed information on the crystalline structures of the other TES ADT phases will be 
required to obtain a full understanding of relevant structure/processing/property/ 
performance interrelationships from the molecular to the macro-scale of this 
interesting and promising organic semiconductor. Identification of the optimally 
performing phase is a first step towards such an understanding and it will permit the 
development of processing protocols that allow deposition of TES ADT into the phase 
showing the best device performance, preventing formation of the low(er) mobility 
structures such as the β-, -, or a-phase, over large areas. 
4.4 Materials and methods 
5,11-bis(triethyl silylethynyl) anthradithiophene (TES ADT) was synthesised 
according to literature.
1
 Thin films for structural analysis as well as electronic 
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characterisation were fabricated by dissolving TES ADT in chloroform (4 wt%), 
followed by solution (drop-) casting onto the corresponding substrate at 5 C in 
ambient conditions. Differential scanning calorimetry (DSC) measurements were 
conducted under N2 atmosphere at a scan rate of 10 °C/min with a Mettler Toledo 
STARe system DSC 1. Standard Mettler aluminium crucibles were used. The sample 
weight was ~5 mg. Optical microscopy was carried out with an Olympus BX51 
polarising microscope equipped with a Q-imaging Go-3 camera and a Mettler Toledo 
FP82HT hot-stage. Variable temperature wide-angle X-ray scattering (WAXS) and 
powder diffraction measurements were performed at BM26B-DUBBLE Dutch-
Belgian beamline of the European Synchrotron Radiation Facility (ESRF)
26
 equipped 
with a Linkam THMS600 temperature-controlled stage. The samples were in powder 
form obtained from the as-cast TES ADT films. The temperature-controlled stage was 
programmed according to the DSC results. Powder diffraction measurements were 
performed also on thin film samples, which had been powdered and then placed inside 
0.5-mm-diameter glass capillaries and rotated during exposure, using a large 1043  
981 pixels Pilatus1M area detector, positioned orthogonally to the incoming beam 
direction. The pixel size was 172  172 m2 and the used X-ray wavelength was 
1.033 Å. Calibration of wavelength and sample-detector distance was achieved using 
a NIST standard LaB6 sample while azimuthal integration of recorded images were 
performed with XOP software,
27
 and Rietveld refinement of the thin film diffraction 
data for TES ADT -phase was carried out using FULLPROF software. Density 
measurements were conducted using a salt-water solution column with a continuous 
density gradient and floats with standard densities inside. The standard deviation is 
given by the distribution of materials in the column as observed by eye. Thin TES 
ADT films of the various polymorphs for electronic characterisations were obtained 
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from first producing as-cast thin films on pre-treated transistor or l-ToF substrates 
(see below) and annealing them in the different phase-regions identified in thermal 
analysis. For transistor fabrication, we employed Si(n
++
)/SiO2 substrates with 
photolithographically pre-patterned Au as source/drain electrodes in a bottom-
gate/bottom-contact geometry. The Au electrodes were treated with PFBT
1
, while for 
the SiO2 TCPS
22,23
 was used, to reduce the contact resistance and improve the 
dielectric interface, respectively. Transistor device characteristics were measured at 
room temperature in inert atmosphere using an Agilent 4155C semiconductor 
parameter analyzer. For l-ToF measurements, prior to TES ADT depositions, two 
parallel aluminium electrodes 160 m apart from each other were deposited onto 
glass substrates. Using aluminium as the electrode material the dark current was 
minimised. Consequently the dielectric relaxation time was extended over the transit 
time. The TES ADT was subsequently solution-cast on these substrates and annealed 
into different solid-state phases, as described above. For the l-ToF measurements, the 
laser pulse duration was approximately 3 ns. The laser beam was focused to a 10 m 
width line with a cylindrical lens near the source electrode. Voltages were generated 
by a CAEN N1470 power supply, and current of the drain electrode was measured 
with a 2.5 GHz Lecroy WavePro 725Zi oscilloscope in ambient atmosphere. An 
Ekspla NT342 tuneable wavelength laser (pulsed) was employed for the 
measurements. The energy of laser pulse was adjusted in order to obtain linear 
dependence between photocurrent magnitude and pulse intensity since the former is 
proportional to the product of the amount of the photogenerated carriers and their 
mobility. Thereby we approximated the amount of photo-generated charges to be 
constant. In accordance with our measurements, the magnitude of photocurrent indeed 
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increased with mobility. The Scher-Montroll approximation
24
 was used to fit the 
photocurrents to identify the transit times ttr according to: 
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where k is a proportionality constant and 1 and 2 are dispersive parameters. In log(I) 
- log(t) plots this resulted in: 
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The coefficients 1 and 2 for different polymorphs are given in Table 4.1. 
 
Table 4.1. Parameters of the Scher-Montroll photocurrent approximation,
24
 which was 
used to fit the l-ToF photo-transients presented in Fig. 4.4 Parameters were obtained 
by the least-chi square fit. 
 
phase k[As] 1 2 ttr [s] 
          
alpha 0.82 0.23 0.56 1.12 x 10
-5
 
beta 4.37 x 10
-4
 0.527 0.821 3.78 x 10
-4
 
gamma 0.0106 0.289 0.572 3.22 x 10
-5
 
amorphous 8.3 x 10
-5
 0.334 0.931 0.013 
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As discussed in Chapter 2, note that in order to calculate the time-of-flight 
mobility, we assumed that the electric field between coplanar electrodes is constant. 
We acknowledge that this can represent a notable correction to the mobility 
estimation, which we believe was compensated by the uncertain readout of the transit 
time from the photocurrent change of slope in double logarithmic plot. Readout 
uncertainty was caused due to the relatively broad region where the photocurrent 
changes slopes. We attribute this to undesirable grain boundary effects. We like to 
emphasise, though, that transient times scaled with bias voltage as required, with the 
most significant fluctuations found for the β-phase due to a high noise to signal ratio. 
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Chapter 5 
Solution-processed small-
molecule transistors with low 
operating voltages and high 
grain-boundary anisotropy   
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5.1. Introduction 
Derivatives of 6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene are an 
interesting class of materials with which various properties can be readily adjusted 
through chemical modification of the molecule. In this chapter, we explore a new 
candidate acene molecule based on this material with substitutions in the 2, 3, 9, 10 
positions,
1
 i.e. -tetraethyl(triisopropylsilylethynyl) pentacene (BTE-TIPS-PEN). The 
chemical structure of this small molecule is shown in Fig. 5.1. The substitutions affect 
both the solubility and the crystal structure of the material. In addition, the solubility in 
commonly used solvents seems to be significantly reduced for this pentacene derivative 
when compared to TIPS pentacene. As a desirable consequence of this, we find a greatly 
improved film formation from solution onto surfaces with a poor wetting property (such 
as the silane-treated surface of the commonly employed SiO2 dielectric layer
2
) when 
compared e.g. to TIPS pentacene, enabling the control of crystal growth during solvent 
evaporation by careful selection of solvents and casting temperatures. 
5.2. Results and discussions 
Three different solvents were evaluated for BTE-TIPS-PEN in the frame work of 
this thesis. In a first set of experiments, we cast BTE-TIPS-PEN from 0.5 wt% 
chloroform solutions at room temperature. This resulted in thin-film architectures 
comprised of randomly distributed small needles of a length of 10 m. The resulting 
films were found to be non-continuous, with voids being observed by cross-polarised 
microscopy (see Fig. 5.2a). We attribute this unfavourable behaviour to the relatively  
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Figure 5.1. Chemical structure of -tetraethyl(triisopropylsilylethynyl) pentacene (BTE-TIPS-PEN). 
 
 
 
 
 
 
 
 
Figure 5.2. Polarised optical micrographs of BTE-TIPS-PEN thin films, solution-cast, respectively, 
from 0.5 wt% chloroform solutions at room temperature (a); 0.5 wt% decalin solutions at 100 C (b); 
0.5 wt% decalin solution at 150 C (c); 0.5 wt% xylene solution at 100 C (d). 
 
low solubility of BTE-TIPS-PEN in chloroform at room temperature, resulting in 
precipitates already in solution.  
 
Si
Si
500 m
c) d)
a) b)
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Figure 5.3. Unpolarised (a) and polarised (b) optical micrographs of BTE-TIPS-PEN thin films, 
solution-cast from 0.5 wt% xylene solution at 100 C.  
 
In a second set of experiments, we therefore selected decalin as a solvent. Use of 
this high-boiling-point solvent (Tb = 187 C) permitted us to cast the solutions (0.5 wt%) 
onto a substrate kept at temperatures of >100 C. This resulted in needle-like structures 
similar to those observed in certain TIPS pentacene thin films fabricated by dip coating
3
 
or solution casting on tilted substrates,
4
 indicating a strong one-dimensional growth of the 
BTE-TIPS-PEN. The latter was strongly dependent on casting temperature: cross-
polarised microscopy e.g. reveals an increase of crystal length from 200 m to up to 3 
mm when varying the solution- and substrate- temperatures from 100 to 150 C (see 
Fig. 5.2 b, c). This is most likely due to an increased solubility of BTE-TIPS-PEN in this 
solvent at higher temperatures reducing the number of nuclei in solution.  
Interestingly, when we used xylene – another good solvent for BTE-TIPS-PEN 
– structures comprised of crystals of 20 mm length were realised already at casting 
temperatures of 100 C (i.e. 50 C below the temperatures required for deposition from 
decalin). Such a reduction in processing temperatures is preferred as it minimises  
500 m
a) b)
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Figure 5.4. a) Wide-angle X-ray diffractogram of BTE-TIPS-PEN thin films. b) Molecular packing of 
BTE-TIPS-PEN. Top: Chemical model of the BTE-TIPS-PEN molecule (left) and its crystal unit cell 
(right) with the relevant molecular directions (i.e. along the side chain (I), along the backbone (II) and 
along the - stack are indicated (III)) indicated with arrows. Bottom: View of the unit cell, left, along 
the side chain (I); middle: the backbone (II); and right: the - stack (III). 
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materials’ degradation.5 More importantly, the as-cast films featured needles that were 
surprisingly similar in width (5 m) and featured lengths of up to 20 mm.  
Beneficially, the directionality of the strong one-dimensional crystal growth was 
found to be controllable by tilting the substrate by 5 from horizontal while the solution 
is applied. Consequently, thin films can be produced with a preferred crystal orientation, 
which provides the possibility of assessing the effect of crystal anisotropy in the thin-
film structure on its electronic properties,
6,7,8,9
 and making use of this feature in OFETs 
applications. Furthermore, uniaxial orientation of the BTE-TIPS-PEN crystals prevented 
formation of noticeable voids as is evident from the optical micrographs unpolarised and 
polarised taken at the same location (Fig. 5.3).  
We first characterised the structural anisotropy by wide-angle X-ray scattering 
(WAXS) powder and texture analysis. From the powder diffraction, we extract the 
molecular packing and crystal structure of BTE-TIPS-PEN. Similar to TIPS pentacene, 
the molecules are packed in a slip-stacked structure. Interestingly, and unlike the common 
TIPS pentacene architecture, BTE-TIPS-PEN features slightly tilted (15) molecules in 
opposite direction respect to the b-axis (see Fig. 5.4b). The notable orientational 
preference of the unit cells is evident in the texture analysis of the (001) and (111) 
diffractions (2 of 5.4 and 9.8, respectively). The (111) pole figure suggests that the - 
stacking of the pentacene backbones is along the direction of the needle growth. The 
(001) pole figure in addition indicates that the c-axis is parallel to the normal vector of the 
substrate surface as deduced from the high intensity diffraction spot in the centre of the 
graph. Comparison with the unit cell structure seems to imply that the molecules form a 
highly ordered 2D-structure, where the substituents at the 2, 3, 9, 10 positions are 
anchored on the substrate with an angle of about 48.8 to the surface (see schematic in  
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Figure 5.5. a) Wide-angle X-ray diffraction (001) and (111) pole figures of BTE-TIPS-PEN thin films. b) 
Schematic of the unit cell of BTE-TIPS-PEN structures and its orientation with respect to the substrate (the 
red arrow indicates the growth direction of the needles). The black circle in the pole figure of (111) 
diffraction indicates the direction of  = 42.3 and  = 48.8. 
 
Fig. 5.5b). This is unlike TIPS pentacene and other known pentacene and 
anthradithiophene derivatives for which the molecules generally “stand up” with their 
central TIPS moiety anchored on the substrate surface. The different orientation of BTE-
TIPS-PEN compared to other derivatives may result from the fact that the interactions of 
the ethyl substituents at the terminal phenyl-ring positions with the substrate are stronger 
than those of the isopropyl moieties of the TIPS side chain.  
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Figure 5.6. a) Typical transfer characteristics of BTE-TIPS-PEN in bottom-gate/bottom-contact field-
effect transistor configuration (L = 10 m; W = 5000 m), with needles oriented parallel (blue) and 
perpendicular (red) to the source-drain bias direction. b) Cross-polarised optical micrograph of a BTE-
TIPS-PEN thin film on an “umbrella” transistor configuration. c) Output characteristics of devices 
shows in (a). d) Polar plot for FET (linear regime) with respect to the angle between the needles and the 
source-drain bias direction. 
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To evaluate the influence of different needle orientation in terms of electronic 
behaviour, we fabricated bottom-gate/bottom-contact OFETs on Si(n
++
)/SiO2 substrates 
with an oxide thickness of 140 nm and photo-lithographically patterned Au as source 
and drain electrodes. Prior to device fabrications, a pentafluorobenzenethiol monolayer 
was deposited on Au electrodes.
10
 The SiO2 dielectric was treated with 
trichlorophenylsilane.
11
  
The as-cast thin films comprised of uniaxially aligned BTE-TIPS-PEN needles 
exhibited excellent transistor performance. The transfer characteristics of two typical 
devices (with identical channel width to length ratio, W/L) are shown in Fig. 5.6a. We 
compare the two most extreme cases of needle orientation, i.e. OFETs with the BTE-
TIPS-PEN needle directions being positioned parallel or perpendicular to the direction of 
the source-drain bias. It is evident from the data displayed in Fig. 5.6a that both 
structures result in transistors that are operating at remarkably low voltages (<5 V) and 
that display negligible hysteresis between the forward and backward sweeps. For OFETs 
based on BTE-TIPS-PEN needles positioned parallel to the source-drain bias direction, 
we find an average saturation mobility of 1.34 cm
2
/Vs, an on/off ratio of over 10
5
, a 
near-zero threshold voltage and a steep sub-threshold slope (130 mV/dec). The latter 
value compares indeed favourably with some of the lowest reported values for organic 
transistors,
12,13,14
 suggesting a high quality gate-dielectric/semiconductor interface with 
few charge-trapping centres.
15,16
 Clearly, interfacial trapping is not adversely mitigating 
charge-transport in these devices. In comparison, devices with BTE-TIPS-PEN needles 
positioned perpendicular to the direction of source-drain bias displayed significantly 
lower saturation mobilities (0.1 cm
2
/Vs), higher threshold voltages, lower on/off ratios 
(<10
4
) and drastically increased sub-threshold slopes (Fig. 5.6a).  
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This sharp contrast in almost all device parameters between OFETs fabricated at 
different needle directions motivated us to study in detail the angular dependence of 
charge transport of BTE-TIPS-PEN and its origin. To this end, we adopted a so-called 
“umbrella” source/drain configuration where 24 independent transistors are arranged in a 
circular array (Fig. 5.6b),
17
 allowing us to measure the device performances with respect 
to the crystal orientation with an angular resolution of 15.  
A high yield in device fabrication was obtained using this “umbrella structure”: 
among all 132 devices, we measured FET(linear) of 0.54  0.47 cm
2
/Vs and 
FET(saturation) of 0.58  0.47 cm
2
/Vs, independent of device orientation. By plotting 
then FET of a typical array of 24 devices against the crystal orientation with respect to the 
direction of source-drain bias, a clear angular dependence of the mobilities on the 
orientation of BTE-TIPS-PEN crystals is found (Fig. 5.6d). Where the source-drain bias 
is applied along the needle direction, FET was found to be 1 - 2 cm
2
/Vs in average (1.15 
 0.41 cm2/Vs and 1.16  0.44 cm2/Vs in the linear and saturation region respectively), 
with FET(saturation)max reaching up to 3.92 cm
2
/Vs for the best devices. Note the fact that 
similar mobility values are deduced in the two regimes, which is indicative of the absence 
of significant parasitic effects such as contact limitations at this channel length (40 m). 
The performance is also significantly superior to that of devices of different crystal 
orientations. Indeed, where the charges are driven by the source-drain bias in a direction 
perpendicular to the crystal growth direction (i.e.  to the needles’ long axis), FET were 
20 – 40 times lower than FET measured for devices with needles parallel to the direction 
of source-drain bias. Unlike the anisotropy previously reported for single crystals,
17,18
 
however, this orientation dependence of FET does not fit a simple mobility tensor 
transformation. This is most likely a result of the effect of in-grain anisotropy in  
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Figure 5.7. Charge-carrier mobilities (FET) of BTE-TIPS-PEN versus transistor channel lengths, L (filled and 
non-filled symbols represent, respectively, the saturation and linear FET). 
 
combination with the anisotropy induced by BTE-TIPS-PEN needle alignment leading to 
a more complex angular dependence.  
In order to verify this hypothesis, we studied the channel length dependence of 
our transistors in two extreme cases, i.e. with the BTE-TIPS-PEN needles positioned at 
directions parallel or perpendicular to the direction of source-drain bias voltage applied 
(Fig. 5.7). When the needle direction is parallel to the direction of source-drain bias (blue 
symbols; ), FET increases with L (up to L = 40 m), then saturates around 1 cm
2
/Vs 
upon further increase of L. This behaviour is most likely due to contact-resistance effects 
dominating transport in short-channel devices, arising from non-ideal charge injection at 
the source and drain electrodes.
19,20,21,22
 For devices with the BTE-TIPS-PEN needles 
positioned perpendicular to the source-drain bias (red symbols; ), a somewhat 
unexpected channel length dependence is observed. At first, there is a notable decrease in 
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mobility as L increases from 3 to 20 µm, which is particularly pronounced for 
FET(linear). Considering that the width of the BTE-TIPS-PEN needles is around 5 m, 
this suggests that at larger channels (in the 5 to 20 µm-regime), more than one needle is 
required to fully cover the channel, leading to grain boundaries positioned perpendicular 
to the source-drain bias within the channel region. This results in an initial reduction of 
FET; i.e. grain boundaries limit charge transport, not contacts. When however further 
increasing L, the mobility improves again and saturates at a value of 0.1 cm2/Vs for L > 
50 µm. 
 Interestingly, it is also evident from Fig. 5.7, that the mobility values are 
comparable for both needle directions in devices of L = 3 m, i.e. for channel dimensions 
smaller than the width of the grains. This indicates that there is a relatively low intrinsic in-
grain anisotropy of FET (respectively 2 and 4 in the saturation and linear regimes) 
suggesting that more pronounced anisotropy effects arise due to the presence of grain 
boundaries within the channel region at specific needle orientations. Hence, the high FET 
anisotropy is mainly attributed to the geometric morphology (i.e. anisotropy of number of 
grain-boundary
2,23
) of the BTE-TIPS-PEN needles. 
5.3. Conclusions 
We have demonstrated that BTE-TIPS-PEN – a new TIPS pentacene 
derivative with substituents in the 2, 3, 9, 10 positions of the pentacene backbone – 
can be readily fabricated into high-performance OFET structures using a single-step 
process without the need to form blends or use of top-gate structures. Average 
mobilities of more than 1 cm
2
/Vs are measured in both the linear and saturation 
regimes (respectively, -1 V and -5 V) for specific crystal orientations, with the highest 
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saturation mobility measured in these devices being as high as 3.92 cm
2
/Vs. This 
performance is a notable improvement over TIPS pentacene previously produced by 
drop-casting, spin-coating, and ink-jet printing,
24
 and other solution-processed acene-
based single component devices,
25,26,27
 confirming that improved molecular 
engineering results in a controlled micro- and macro-structure of BTE-TIPS-PEN thin 
films that is positively influencing the electronic properties. This high level of 
reproducibility is required for the technological exploitation of such discrete devices 
in large-area organic electronics. In addition, a complex angular dependence of 
mobilities was observed for BTE-TIPS-PEN films cast from xylene comprising 
needles of up to 20 mm in length (5 m in width), the origin of which is attributed to 
a combined effect of in-grain anisotropy in conjunction with the anisotropy given by 
the BTE-TIPS-PEN needles, resulting in different amounts of grain boundaries 
depending on the crystal orientation. 
References 
1. J. Jiang, B. R. Kaafarani and D. C. Neckers, Journal of Organic Chemistry, 
2006, 71, 2155. 
2. H. Ma, H. L. Yip, F. Huang and A. K. Y. Jen, Advanced Functional Materials, 
2010, 20, 1371. 
3. C. W. Sele, B. K. C. Kjellander, B. Niesen, M. J. Thornton, J. B. P. H. van der 
Putten, K. Myny, H. J. Wondergem, A. Moser, R. Resel, A. J. J. M. van 
Breemen, N. van Aerle, P. Heremans, J. E. Anthony and G. H. Gelinck, 
Advanced Materials, 2009, 21, 4926. 
108 | P a g e  
 
 
4. W. H. Lee, D. H. Kim, Y. Jang, J. H. Cho, M. Hwang, Y. D. Park, Y. H. Kim, 
J. I. Han and K. Cho, Applied Physics Letters, 2007, 90, 132106. 
5. J. Chen, S. Subramanian, S. R. Parkin, M. Siegler, K. Gallup, C. Haughn, D. C. 
Martin and J. E. Anthony, Journal of Materials Chemistry, 2008, 18, 1961. 
6. B. O’Connor, R. J. Kline, B. R. Conrad, L. J. Richter, D. Gundlach, M. F. 
Toney and D. M. DeLongchamp, Advanced Functional Materials, 2011, 21, 
3697. 
7. X. Zhang, L. J. Richter, D. M. DeLongchamp, R. J. Kline, M. R. Hammond, I. 
McCulloch, M. Heeney, R. S. Ashraf, J. N. Smith, T. D. Anthopoulos, B. 
Schroeder, Y. H. Geerts, D. A. Fischer and M. F. Toney, Journal of the 
American Chemical Society, 2011, 133, 15073. 
8. A. Salleo, R. J. Kline, D. M. DeLongchamp and M. L. Chabinyc, Advanced 
Materials, 2010, 22, 3812. 
9. I. McCulloch, M. Heeney, M. L. Chabinyc, D. DeLongchamp, R. J. Kline, M. 
Cölle, W. Duffy, D. Fischer, D. Gundlach, B. Hamadani, R. Hamilton, L. 
Richter, A. Salleo, M. Shkunov, D. Sparrowe, S. Tierney and W. Zhang, 
Advanced Materials, 2009, 21, 1091. 
10. M. M. Payne, S. R. Parkin, J. E. Anthony, C. Kuo and T. N. Jackson, Journal 
of the American Chemical Society, 2005, 127, 4986. 
11. X. Li, B. K. C. Kjellander, J. E. Anthony, C. W. M. Bastiaansen, D. J. Broer 
and G. H. Gelinck, Advanced Functional Materials, 2009, 19, 3610. 
12. X. Li, W. T. T. Smaal, C. Kjellander, B. van der Putten, K. Gualandris, E. C. P. 
Smits, J. E. Anthony, D. J. Broer, P. W. M. Blom, J. Genoe and G. H. Gelinck, 
Organic Electronics, 2011, 12, 1319. 
P a g e  | 109 
 
 
13. V. Podzorov, S. E. Sysoev, E. Loginova, V. M. Pudalov and M. E. Gershenson, 
Applied Physics Letters, 2003, 83, 3504. 
14. M. Halik, H. Klauk, U. Zschieschang, S. Maisch, F. Effenberger, C. Dehm, M. 
Schu, M. Brunnbauer and F. Stellacci, Nature, 2004, 431, 963. 
15. S. H. Kim, D. Choi, D. S. Chung, C. Yang, J. Jang, C. E. Park and S. H. K. 
Park, Applied Physics Letters, 2008, 93, 113306. 
16. K. Myny,  . De usser,  .  teudel, D. Janssen, R. M ller, S. De Jonge, S. 
Verlaak, J. Genoe and P. Heremans, Applied Physics Letters, 2006, 88, 
222103. 
17. C. Reese and Z. Bao, Advanced Materials, 2007, 19, 4535. 
18. V. C. Sundar, J. Zaumseil, V. Podzorov, E. Menard, R. L. Willett, T. Someya, 
M. E. Gershenson and J. A. Rogers, Science, 2004, 303, 1644. 
19. H. Sirringhaus, Advanced Materials, 2005, 17, 2411. 
20. E. J. Meijer, G. H. Gelinck, E. van Veenendaal, B. H. Huisman, D. M. de 
Leeuw and T. M. Klapwijk, Applied Physics Letters, 2003, 82, 4576. 
21. L. B rgi, H. Sirringhaus and R. H. Friend, Applied Physics Letters, 2002, 80, 
2913. 
22. R. A. Street and A. Salleo, Applied Physics Letters, 2002, 81, 2887. 
23. J. Rivnay, L. H. Jimison, J. E. Northrup, M. F. Toney, R. Noriega, S. Lu, T. J. 
Marks, A. Facchetti and A. Salleo, Nature Materials, 2009, 8, 952. 
24. J. A. Lim, H. S. Lee, W. H. Lee and K. Cho, Advanced Functional Materials, 
2009, 19, 1515. 
25. D. J. Gundlach, J. E. Royer, S. K. Park, S. Subramanian, O. D. Jurchescu, B. 
H. Hamadani, A. J. Moad, R. J. Kline, L. C. Teague, O. Kirillov, C. A. Richter, 
110 | P a g e  
 
 
J. G. Kushmerick, L. J. Richter, S. R. Parkin, T. N. Jackson and J. E. Anthony, 
Nature Materials, 2008, 7, 216. 
26. G. R. Llorente, M. B. Dufourg-Madec, D. J. Crouch, R. G. Pritchard, S. Ogier 
and S. G. Yeates, Chemical Communications, 2009, 21, 3059. 
27. Q. Meng, H. Dong, W. Hu and D. Zhu, Journal of Materials Chemistry, 2011, 
21, 11708. 
 
  
P a g e  | 111 
 
 
  
112 | P a g e  
 
 
 
P a g e  | 113 
 
 
 
 
 
Chapter 6 
Synthesis of and transport in 
stable, soluble hexacenes 
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6.1. Introduction 
Recent interest in larger acenes is founded on pentacene's excellent device 
performance in a variety of electronic applications,
1,2
 as well as theoretical predictions 
of enticing properties for fused aromatic systems with more than five rings.
3,4,5
 This 
promise has generated a number of new functionalisation strategies designed to yield 
reasonably stable versions of molecules such as hexacene and heptacene.
6,7,8
  
Although a number of quinoidal
9
 or heteroaromatic
10,11,12,13
 acenes with more than 
five fused rings have been studied in electronic devices, to-date soluble versions of 
hexacenes and larger acenes have not been prepared in a sufficiently stable form for 
film deposition and characterisation of transport properties. Recent study of the 
predominant decomposition pathways for silylethyne-substituted hexacenes provided 
guidelines for the preparation of suitably stable hexacenes,
14
 and studies on 
pentacenes
15
 and anthradithiophenes
16
 further showed that partial fluorination yielded 
significant improvements in solution stability. Combining these functionalisation and 
fluorination strategies, 6,15-bis-[(tricyclohexyl silanyl)-ethynyl]-hexacene (TCHS), 
1,2,3,4-tetrafluoro-7,14-bis-[(tricyclohexylsilanyl)-ethynyl]-hexacene (F4-TCHS) and 
1,2,3,4,9,10,11,12-octafluoro-6,15-bis-[(tricyclo hexylsilanyl)-ethynyl]-hexacene (F8-
TCHS) were synthesised in the group of Prof. John E. Anthony and here we present 
the initial study of the charge transport properties of solution-deposited films of F8-
TCHS. 
6.2. Results and discussions 
 Silylethyne-substituted hexacenes are prepared from the corresponding 
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Figure 6.1. Chemical structures of 6,15-bis-[(tricyclohexylsilanyl)-ethynyl]-hexacene (TCHS, a), 
1,2,3,4-tetrafluoro-7,14-bis-[(tricyclohexylsilanyl)-ethynyl]-hexacene (F4-TCHS, b) and 1,2,3,4,9,10, 
11,12-octafluoro-6,15-bis-[(tricyclohexylsilanyl)-ethynyl]-hexacene (F8-TCHS, c). d) UV-vis absorption 
spectrum of F8-TCHS in solution measured in air, under laboratory lighting, with measurements taken 
every hour. The control trace consists of a similar sample kept in the dark. e) Decomposition rates of 
those hexacene derivatives measured by the UV-vis absorption intensity. (Measured by Balaji 
Purushothaman, University of Kentucky) 
 
hexacenequinones, and the requisite fluorinated quinones were formed by 
condensation of tetrafluoronaphthalene 2,3-dicarboxaldehyde with either 1,4-
dihydroxyanthracene or tetrafluoro 1,4-dihydroxyanthracene. These hexacene are 
green crystalline solids that did not decompose appreciably after several months'  
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Figure 6.2. Crystal packing of F8-TCHS, showing layered (top) two-dimensional π-stacking (bottom) 
along with incorporated solvent. 
 
storage in the solid state in the dark. Solutions of the hexacenes were characterised by 
UV-vis absorption spectroscopy (Fig. 6.1b). The disappearance of the long-
wavelength absorptions upon exposure to bright laboratory lighting in air was used to 
gain initial insight into the solution stability of these materials, and as expected the 
fluorine substituents led to a significant increase in solution half-life. The non-
fluorinated TCHS was reported with a strongly 1-dimensional π-stacked array with 
significant distortion of the hexacene backbone.
14
 The two fluorinated TCHS 
derivatives also formed crystals suitable for structural analysis. Unfortunately, 
disorder in the structure of F4-TCHS was extensive, and only a rough assessment of 
crystal packing order could be obtained; the molecules appear to adopt a two- 
a)
b)
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Figure 6.3. a) Dark and photocurrents for the three TCHS as a function of applied voltage. b) Dark 
current density of the three TCHS as a function of voltage squared, along with the linear fits from 
which space-charge limited current (SCLC) effective charge carrier mobilities were calculated. Inset: 
The low voltage and high voltage current trace for F8-TCHS, showing the transition from Ohmic 
behavior. ( Measured by Balaji Purushothaman, University of Kentucky) 
 
 
dimensional π-stacked arrangement similar to functionalised pentacenes.17 There was 
significantly less disorder in the structure of F8-TCHS, although it did incorporate 
recrystallisation solvent into the structure, and the hexacene chromophores were again 
found to adopt a highly layered, strongly π-stacked arrangement as shown in Fig. 6.2. 
Thus, similar to prior-reported pentacene materials, both F4-TCHS and F8-TCHS are 
expected to show reasonable charge transport properties.
18
   
In the initial electronic characterisation of these compounds performed in 
collaboration with the group of Prof. John E. Anthony, drop-cast films were prepared 
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on glass substrates with interdigitated Au electrode pairs. Current was measured as a 
function of voltage, both in the dark and under 765 nm continuous wave illuminations, 
and photocurrent was calculated as the difference between the two. While films of all 
three hexacene derivatives exhibited photoresponse (Fig. 6.3 b), compounds F4-
TCHS and F8-TCHS were considerably more photoconductive compared to their non-
fluorinated counterpart. In all films at higher voltage, the voltage (V) dependence of 
the dark currents (Id) could be described as Id ~ V

 with  ≈ 2. This suggests the 
space-charge limited current (SCLC) regime, enabled by efficient hole injection from 
Au electrodes. From the SCLC measurements, we estimated effective charge carrier 
mobility (µ) values, which in the planar electrode experimental geometry depend 
upon the film thickness. In the limiting case of an infinitely thin film (infinite half-
space), the mobility values yielded 1.7  10-4 cm2/Vs (3.8  10-4 cm2/Vs) for TCHS, 
8.4  10-3 cm2/Vs (1.9  10-2 cm2/Vs) for F4-TCHS and 6.9  10-4 cm2/Vs (1.6  10-3 
cm
2
/Vs) for F8-TCHS (Fig. 6.3). These values should be regarded as lower bounds of 
charge carrier mobility, as the SCLC trap-free limit was not achieved in the measurements. 
 Recent reports of electron transport in vapour-deposited films of fluorinated 
pentacene derivatives
19
 suggested that F8-TCHS might be suitable for electron 
transport studies. Hence, in this chapter, we will explore the processing and electronic 
properties of this compound. Films of the semiconductor were formed by drop-casting 
xylene solutions of F8-TCHS onto pre-formed device substrates (Au electrodes) in an 
inert atmosphere glove box – devices were measured in the same glove box. While 
initial measurements on neat films of F8-TCHS were promising, poor film formation 
from solution, perhaps complicated by the incorporation of solvent in the crystals, led 
to numerous inoperative devices. Blending small molecules with insulating polymers 
has recently been shown an effective method to manipulate the solid -state 
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Figure 6.4. Transfer characteristics of a typical FET fabricated with F8-TCHS (a) and a binary blend 
of F8-TCHS and HDPE, 1:1 weight ratio (b). The channel length = 10 m; channel width = 10 mm. 
 
microstructure and surface coverage of organic semiconductors.  Blends of F8-TCHS 
with high-density polyethylene (HDPE) in a 1:1 weight ratio were thus cast onto 
bottom-gate, bottom-contact transistor substrates. The resulting devices showed both 
electron and hole transport (µe = 0.003 cm
2
/Vs, µh = 0.0015 cm
2
/Vs) – a 
representative set of transfer characteristics are shown in Fig. 6.4. Thus, octafluoro-
hexacene F8-TCHS behaves as an ambipolar semiconductor with impressively 
balanced hole and electron mobilities. 
6.3. Conclusions 
 We have demonstrated that hexacene derivatives can be made that are both 
sufficiently soluble and sufficiently stable for studies in solution-cast electronic 
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devices. The fluorinated derivatives adopt π-stacked structures in the solid state 
amenable to good charge transport. F8-TCHS required blending with an insulating 
polymer to give acceptable thin-film architectures, but rewarded this added 
complexity with ambipolar transistors exhibiting well-balanced hole and electron 
mobility. These promising results based on the first stable, soluble hexacene 
derivatives suggest that further tuning of the trialkylsilyl substituents to optimise 
crystal packing and enhance film morphology will yield materials with desirable 
electronic properties. 
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Chapter 7 
Small molecule additives for 
microstructure control of 
solution processable small 
molecule semiconducting 
materials 
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7.1. Introduction 
Polymer additives have been widely investigated for the solution processing of 
6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene and its derivatives as they were 
able to induce peculiar morphologies in their final solid state; e.g. a vertical phase 
separation was formed in TIPS pentacene in blends with polymers such as 
polytriarylamine (PTAA) that led to a higher reproducibility in organic field-effect 
transistor (OFET) device performance. However, as discussed in Chapter 1, these 
blends required extra care when selecting the processing parameters because forming 
defined vertical phase separation is intricate.
1,2
 
In this chapter, small-molecule additives will be discussed predominantly in 
view of their ability in assisting the nucleation of the semiconductors and/or for 
modifying their thin-film morphology by forming molecular compounds. As 
mentioned in Chapter 1, small-molecule additives are widely used as nucleating 
agents in the bulk polymer industry and molecular compounds of organic small 
molecules have been investigated over a hundred years.
3,4,5
 We adopt these additives 
to assist film forming of organic semiconductors in order to achieve reproducible 
microstructures over large areas for organic electronic devices. 
7.2 Use of nucleating agents 
7.2.1 Mechanisms 
One of the main motivations of using nucleating agents for solution processing 
of (semi-) crystalline materials is to control the drying effects, such as the so-called  
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Figure 7.1. Polarised optical micrographs of ink-jet printed TIPS pentacene using various solvents: a) 
chlorobenzene and b-d) mixed-solvents containing chlorobenzene and 25 vol% of hexane (b), o-
dichlorobenzene (c) and dodecane (d). The scale bar is 50 m.  (Reproduced from Ref. 6)  
 
 “coffee stain effect”, which often result in unhomogenous films.6,7,8 The preformed 
nuclei could in addition provide a tool to control the crystallisation of such 
compounds preventing their dewetting as well as the variation of microstructures 
therefore obtained across the entire film area. 
Generally, during solution processing of TIPS pentacene and its derivatives, 
nucleation is difficult to manipulate because of their high solubility in most solvents. 
Especially in the case where substrates with high solution/substrate surface energy are 
used, such as OTS treated SiO2, dewetting occurs leaving most of the substrate 
uncovered. This is particularly evident in optical microscopy of inkjet-printed TIPS 
pentacene thin films. Fig. 7.1 illustrates the drying process of a droplet of TIPS 
pentacene solution and the resulting solid-state structure. It is obvious that the films  
d)a) b) c)
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Figure 7.2. Polarised optical micrographs of ink-jet printed TIPS pentacene on gold (a) and SiO2 (b) 
substrates. (Reproduced from Ref. 8) 
 
suffer from severe dewetting: even when similar drop qualities are used the size of the 
final structure varies significantly. Furthermore, three distinct regions are clearly 
distinguishable from the edge to the centre of the film: (i) the so-called coffee-stain 
ring of high thickness; (ii) the region where needle-like crystals extend towards the 
centre and (iii) the spherulitic or amorphous structure in the centre of the film.
8,7,9
 
This difference is due to heterogeneous nucleation at the edge of the deposited liquid 
layers leading to the coffee stain phenomena. Extended crystals are subsequently 
growing from these nucleation sites. When the liquid volume is reduced till the 
solution concentration reaches saturation, homogeneous nucleation occurs originating 
in the spherulitic growth at the centre of the final film.  
Furthermore, the substrate will strongly influence the nucleation and 
crystallisation of the material. Therefore, highly different morphologies can be 
introduced on commonly used substrates in OFET applications. Improved 
b)
50 m
a)
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microstructures of higher crystalline order, reduced dewetting and coffee-stain 
phenomenon were obtained on gold compared to SiO2 surfaces (see Fig. 7.2).
8
 
The irreproducibility in microstructure is, hence, likely to be caused by 
uncontrolled nucleation. This can potentially be prevented by employing nucleating 
agents. These additives bring a foreign phase to the system creating small-scale fibre-
like or particle nucleating sites on which the crystals of active material can grow. 
Therefore, their solubility should be significantly lower than that of the material to be 
processed. This causes nuclei to form in the early stage of the solvent evaporation 
stimulating the crystal growth of the active species. As a consequence, dewetting and 
drying effects can be significantly reduced and homogeneous polycrystalline films 
can be more readily achieved. Such nucleated films typically feature notably smaller 
grain sizes than those produced in absence of nucleating agents. This might not be 
desirable in case of small molecule semiconductor such as TIPS pentacene where 
grain boundary can reduce the performance of e.g. OFETs.
10
 However, reassuringly, a 
recent report from Giri et al. seems to suggest that TIPS pentacene with smaller 
domains can also provide good electronic device characteristics.
11
 
7.2.2 Results and discussions 
In order to investigate the possibility of using nucleating agents for the 
processing of small-molecular semiconductors, we adopted tris-tert-butyl-1,3,5-
benzenetrisamide (BTA, Fig. 7.3) as the additive to control the solidification of TIPS 
pentacene. BTA, also known as Irgaclear XT 386, is a commercially used clarifier for  
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Figure 7.3. Chemical structure of tris-tert-butyl-1,3,5-benzenetrisamide (BTA).  
 
 
 
 
Figure 7.3. Wide-angle X-ray scattering (WAXS) data of drop cast TIPS pentacene thin films 
containing 0, 0.01, 0.1 and 1 wt% of BTA. 
 
polypropylene. It introduces high transparency to the latter polymer by significantly 
reducing its grain size.
3
  
In the first set of experiments, we investigated the influence of BTA on the 
solid-state structure of TIPS pentacene films. Interestingly, solution-cast architectures 
of TIPS pentacene containing 0.01 wt%, 0.1 wt% and 1 wt% BTA featured similar  
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Figure 7.4. Polarised optical micrographs of thin films of drop-cast neat TIPS pentacene (a, c) and 
TIPS pentacene containing 0.1 wt% BTA (b, d) on glass substrates (a, b) and gold patterned SiO2 substrates 
(c, d) 
 
wide-angle X-ray patterns as thin films of neat TIPS pentacene. This implies that 
inclusion of small amounts of nucleating agent does not affect the crystal structure of 
TIPS pentacene. However, it is notable that the microstructure of such solution-cast 
films comprising BTA was significantly more homogenous. For example, neat TIPS 
pentacene films displayed a pronounced coffee stain effect; long needles with various 
lengths from 20 m to over 200 m and a partly amorphous structure with some 
visible spherulites in the centre are observed (see Fig. 7.4a). In contrast, films  
a) b)
500 m
100 m
500 m
100 m
c) d)
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Figure 7.5. Representative transfer characteristics for OFETs produced by drop casting neat TIPS 
pentacene (a) and TIPS pentacene containing 0.1 wt% BTA (b). 
 
comprising some BTA were of a homogeneous spherulitic structure with similar domain 
sizes found over the entire film except at the very end of the edges (see Fig. 7.4b). 
The influence of the BTA additive on the solid-state morphology was more 
significant when the solution of TIPS pentacene was deposited on substrates of low 
solution/substrate surface energy (see Fig. 7.4 c, d). For example, when Si/SiO2 
bottom-gate bottom-contact FET substrates were used that had been treated with 
octadecyltrichlorosilane (OTS) and pentafluorobenzenethiol (PFBT) to form self-
assembled mono-layers (SAMs) on the SiO2 dielectric and gold electrodes, 
respectively, most of the material was deposited only on the gold electrodes when no 
additive was used. Hence, the channel coverage and as a consequence FET performance  
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Figure 7.6. Polarised optical micrographs (a, b) and  representative transfer characteristics (c, d) of 
OFET devices using ink-jet printed neat TIPS pentacene (a) and TIPS pentacene containing 1 wt% 
BTA as active layers. 
 
was low (FET  5  10
-3
 cm
2
/Vs). This undesired effect was avoided in solutions 
comprising BTA: beneficially, with these systems full coverage of both surfaces 
(electrodes and channel area) was obtained. As a consequence, higher device 
-10 -5 0 5 15
-10-3
-10-11
Vgate (V)
I d
ra
in
(A
)
-10-4
-10-5
-10-6
-10-7 Vgate
-10 V
-1 V
-10-8
-10-9
-10-10
10 -10 -5 0 5 15
-10-3
-10-11
Vgate (V)
I d
ra
in
(A
)
-10-4
-10-5
-10-6
-10-7
Vgate
-10 V
-1 V
-10-8
-10-9
-10-10
10
200 m
a) b)
c) d)
132 | P a g e  
 
 
performance were recorded for BTA:TIPS pentacene films with FET approaching 
0.08 cm
2
/Vs  compared to FET for neat TIPS pentacene.  
This influence of the nucleation agent is even more significant when ink-jet 
printing is used as the deposition method. By adding 0.1 wt% BTA to TIPS pentacene 
followed by ink-jet printing on SAMs treated OFET substrates, indeed, the 
solidification process was promoted already at this extremely low concentration of the 
nucleating agent. This is clearly illustrated by the fact that a uniform film formation is 
observed over the entire device area for the nucleated structure, yielding continuous 
coverage of the source-/drain electrodes as well as the channel region (see Fig. 7.6b). 
In stark contrast, when processing solutions comprising only TIPS pentacene, this 
semiconductor preferably nucleated at the gold electrodes, leaving the transistor 
channel essentially bare (see Fig. 7.6a). The yield of transistors displaying mobilities 
over 10
-2
 cm
2
/Vs was as a consequence of the use of BTA increased from 40 % to 100 
% for devices of a channel length of 2.5 m and 0 % to 100 % for transistor of 
channel length of 10 m. 
7.2.3 Conclusions 
These finding presented in this chapter demonstrates the principal advantage 
of using nucleating agents in processing functional ink formulations. The 
heterogeneous nucleation introduced by nucleating agents can dramatically improve 
the processibility as well as reproducibility of solution processed functional organic 
small-molecule thin-film structures. 
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7.3 Compound formation 
7.3.1 Introduction 
 As introduced in Chapter 1, molecular-complex, or compound formation, of 
small molecules is well known since 1844.
4
 A large amount of aromatic molecules 
have been found to form compounds, which often was attributed to geometric reasons 
where flat structures are preferred.
12
 Apart from geometric requirements, the main 
origin of these compounds formation is the strong interactions between two materials. 
Therefore, arene and perfluoroarene molecules are interesting candidates for 
compound formation. For example, and as already mentioned in Chapter 1, benzene 
and perfluorobenzene (HFB) form a 1:1 ratio compound featuring an elevated melting 
point.
5
  
Apart from the benzene/HFB system, other complexes may lead to system of 
interest for the organic optoelectronic area. For instance, from the phase diagram of 
octafluoronaphthalene (OFN; Tm = 87 C) and pyrene (Tm = 149 C) displayed in Fig. 
7.7, it is clear that these two low-melting-point components form a 1:1 complex with 
a melting temperature of 255 C.13 Not surprisingly, the microstructure of pyrene is 
strongly affected by the addition of OFN. Indeed, pyrene features a liquid crystalline 
like morphology. In contrast and highly interestingly, the 1:1 complex displays a very 
strong one-dimensional growth forming a needle-like architecture [note that the OFN 
is very volatile, but forms on its own a rather polycrystalline microstructure]. Here we 
investigate arene/perfluoroarene interactions to control the microstructure of TIPS 
pentacene and its derivatives to gain additional tools to process these interesting 
organic materials into useful architectures.  
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Figure 7.7. Binary phase diagram of pyrene and OFN (Reproduced from Ref. 13). 
 
 
 
 
Figure 7.8. Polarised optical microscopy of solution cast films of a) OFN; b) pyrene; c) 50:50 (in 
molar) blends (reproduced from Ref. 13). 
 
Indeed, the notable influence of the OFN additive in the arene systems 
enlightened us to explore the possibility of utilising the arene/perfluoroarene 
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interactions to control the microstructure of TIPS pentacene and its derivatives to gain 
additional pathways to process these interesting organic materials into useful 
architectures. To this end, OFN was added to TIPS pentacene solutions.  
7.3.2 TIPS pentacene:OFN blends 
We started our investigations by analysing the solid-state morphology of TIPS 
pentacene:OFN films cast from 0.5 wt% chloroform solutions using crossed-polarised 
optical microscopy (see Fig. 7.9). Strikingly different architectures were observed. 
TIPS pentacene, for instance, formed a typical spherulitic structure whilst OFN 
displayed the polycrystalline configuration mentioned above. In strong contrast, rather 
two-dimensional growth was found in most TIPS pentacene:OFN blends leading to 
continuous large domains of 20 m at 35:65 TIPS pentacene:OFN blend. 
To gain a better understanding of the molecular arrangement and phases TIPS 
pentacene forms upon addition of OFN, we performed differential scanning 
calorimetry (DSC) measurements on solution cast films of a broad range of 
compositions. From the thermographs presented in Fig. 7.10a, it is evident that OFN 
melts at 80 C as mentioned above. Interestingly, in the TIPS pentacene:OFN blends, 
new features appeared around 190 C, which were found to be reversible upon 
cooling (c.f. first cooling thermograph; Fig. 7.10b). 
To analyse the origin of this new DSC endotherm, we conducted variable-
temperature wide-angle X-ray scattering (WAXS) experiments (see Fig. 7.10d).  
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Figure 7.9. Polarised optical micrographs of films cast at room temperature from 0.5 wt% chloroform 
solutions (total solid content): a) TIPS pentacene; b) TIPS pentacene:OFN 80:20 (in weight); c) TIPS 
pentacene:OFN 65:35 (in weight); d) TIPS pentacene:OFN 50:50 (in weight); e) TIPS pentacene:OFN 
35:65 (in weight); f) TIPS pentacene:OFN 20:80 (in weight); g) OFN. 
 
Distinctly different diffraction patterns were recorded for the TIPS pentacene:OFN 
blends compared to neat TIPS pentacene, indicating either formation of a highly 
textured microstructure or compound formation. At 200 C, a new structure seems to 
develop, in agreement with thermal analysis. Indeed, entirely different diffractograms  
200 m
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e)
a) b)
d)
f)
g)
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Figure 7.10. a, b) Differential scanning calorimetry (DSC) thermograms (first heating and cooling) of 
TIPS pentacene:OFN blends films cast from 0.5 wt% chloroform solutions at room temperature; c, d) 
wide-angle X-ray scattering (WAXS) of such films at room temperature and 200 C. 
 
compared to those recorded at room temperature are obtained, both for the neat TIPS 
pentacene as well as TIPS pentacene:OFN blends. 
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Figure 7.11. Ultraviolet-visible (UV-vis) absorption and photoluminescence (PL) spectra of TIPS 
pentacene:OFN blends films cast from 0.5 wt% chloroform solution at room temperature. 
 
Clearly, the prospect of compound formation raises the question how the 
optoelectronic properties of TIPS pentacene are affected by this. Therefore, we 
performed ultraviolet-visible (UV-vis) spectroscopy on a range of TIPS 
pentacene:OFN blends (see Fig. 7.11a). The spectrum for neat TIPS pentacene is 
broader than those of the blends, with an extra absorption feature around 700 nm. In 
addition, a small blue shift is observed for the blends. Interestingly, the spectrum of 
such TIPS pentacene:OFN blends are essentially identical to dilute TIPS pentacene 
solutions. This observation indicates that the addition of OFN molecules results in a 
"separation" of the tight TIPS pentacene aggregation. This hypothesis is supported by 
the photoluminescence (PL) spectroscopy (see Fig. 7.11b). When exiting at 650 nm, 
there was no detectable emission found in the PL spectrum of neat TIPS pentacene. In 
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strong contrast, when blended with OFN, a high PL intensity was recorded at 720 nm. 
It is interesting to notice that this emission overlaps with the extra absorption of TIPS 
pentacene which might be attributed to a charge transfer state. How OFN affects 
charge transport of TIPS pentacene films remains to be investigated. 
7.3.3 TES ADT:OFN blends 
In addition to TIPS pentacene:OFN blends, we also investigated 5,11-
bis(triethylsilylethynyl)anthradithiophene (TES ADT):OFN systems as TES ADT can 
be readily molten without the risk of thermal degradation. 
Polarised optical micrographs of TES ADT:OFN blends cast from 0.5 wt% 
solutions (total solid content) at room temperature are displayed in Fig. 7.12b. The 
solid-state structures of such blends were found again to be significantly different 
from the two neat materials. In addition, a notable change in colour of such 
architectures was observed by eye, which needs to be confirmed by UV-vis 
spectroscopy. 
In thermal analysis, reassuringly, the TES ADT:OFN blends displayed a 
significantly higher melting transition (~200 C) compared to the neat components  
(respectively, 135 C and 80 C for TES ADT and OFN). This phase diagram as 
deduced from our DSC analysis is displayed in Fig. 7.12a. 
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Figure 7.12. a) Binary phase diagram of TESADT and OFN as deduced from DSC data. b) Polarised 
optical micrographs of thin films of TESADT (left), OFN (right), and their 50:50 (in weight) blends 
(middle) cast from 0.5 wt% solution (total solid content) at room temperature. 
 
Wide-angle X-ray scattering (WAXS) in addition provides insight in the 
molecular arrangement of TES ADT:OFN blends. Strong diffractions were found for 
blends at 2 = 6, while for neat TES ADT they were observed at 5 (see Fig. 7.13c). 
In fact, none of the characteristic diffraction features for neat TES ADT were found 
for the TES ADT:OFN blends, strongly suggesting a compound formation. 
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Figure 7.13. a, b) DSC thermograms (first and second heating) of TESADT:OFN blends films cast 
from 0.5 wt% chloroform solutions at room temperature. c) Wide-angle X-ray scattering (WAXS) 
diffractograms of such films measured at room temperature. 
 
7.3.4 Conclusions 
Arene/perfluoroarene interactions appear to provide an interesting tool to 
manipulate the molecular arrangement of TIPS pentacene and TES ADT. Indeed, 
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optical microscopy, UV-vis spectroscopy and WAXS indicate that addition of OFN to 
these small molecular semiconductors results in compound formation. However, in 
future, we have to characterise how the addition of OFN affects the electronic 
properties of TIPS pentacene and TES ADT architectures. Furthermore, further 
investigations on the phase behaviour of other TIPS pentacene derivatives and OFN 
blends must in addition be performed, and the molecular packing of these compounds 
are to be explored. 
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Summary  
 
 Soluble derivatives of pentacene, anthradithiophene and hexacene display 
interesting electronic attributes and good device performance. These semiconducting 
materials are suitable to be processed from solution, therefore, have the potential to 
significantly reduce the complexity as well as cost of the manufacturing procedure. 
For example, β-tetraethyl(triisopropylsilylethynyl)pentacene (BTE-TIP-PEN) and 
5,11-bis(triethyl silylethynyl)anthra dithiophene (TES ADT) displayed outstanding 
charge-carriers mobilities following controlled processing. Ambipolar behaviour was 
observed in 1,2,3,4,9,10,11,12-octafluoro-6,15-bis-[(tricyclohexylsilanyl)-ethynyl]-
hexacene (F8-TCHS). The low reproducibility in field-effect transistors adopting 
these materials was overcome by carefully manipulating the processing parameters. 
Furthermore, small-molecule additives have been shown to be effective for the control 
of the solid-state microstructure of these materials. Nucleating agents significantly 
improved the processability, electronic performance and device yield of 6,13-
bis(triisopropyl silylethynyl) (TIPS) pentacene. Small-molecule additives such as 
octafluoronaphthalene (OFN) were found to form molecular compounds with TIPS 
pentacene or TES ADT providing an additional tool to control the molecular 
assembles of the class of materials. In summary, the soluble small-molecule 
semiconductors display high performance and processibility and have great potential 
to provide alternative candidates for the next generation electronics. 
  
146 | P a g e  
 
  
P a g e  | 147 
 
 
Curriculum vitae 
 
 Liyang Yu (于立扬) was born in Chengdu (China), in 1986. After finishing 
his high school study in No. 7 High School of Chengdu (China), he started 
undergraduate study on material science in School of Materials Science and 
Engineering of Beijing University of Aeronautics and Astronautics (BUAA, China) in 
2004. After two years of study in BUAA, he joined a cooperative program organized 
by Queen Mary University of London (QMUL) and BUAA and moved to London. 
Later, he was awarded an upper 2nd class Honours bachelor degree in QMUL in 
materials science and bachelor degree in BUAA in material science and engineering. 
In 2007, he joined the group of Dr. Natalie Stingelin in the School of Engineering and 
Materials Science in QMUL for doing his final year project and later started his 
MPhil/PhD study in the same group. In 2009, he transferred to Imperial College 
London (ICL) and joined Materials Department and Centre for Plastic Electronics 
with Dr. Stingelin with the same project, in which the research presented in this thesis 
is carried out. 
  
148 | P a g e  
 
 
 
 
